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Consulting Editors’ Statement 


During the past three decades, organic chemistry has emerged as a vigorous and 
relatively exact science based on well-developed theory. The belief that beginning 
students of organic chemistry should be taught not only the facts of the subject, 
but also the framework of principles which tie these facts together into a unified 
science, is now shared by almost all teachers in the field. But how to teach the two 
in proper balance—how to present mechanisms of organic reactions in a context 
which will have relevance and meaning for the beginning student—this is a ques¬ 
tion which faces every serious teacher of organic chemistry. 

This is precisely the question which the authors of Organic Chemistry have 
asked; their answer, which has grown out of their broad background of teaching 
experience, is embodied in the text. Many other thoughtful teachers have arrived 
at the same answer. Now, for the first time, this fundamentally new approach to 
the teaching of organic chemistry is available in text form. 

Reviewing, first, important basic principles of chemistry with emphasis on their 
application to organic chemistry. Professors Smith and Cristol proceed to a 
factual treatment of organic chemistry using the structural theory as the basis for 
describing the behavior of the simple functions. This sets the stage for a thorough 
explanation and correlation of reactions through a completely modern presenta¬ 
tion of the theory of reaction mechanisms. Factual and descriptive chemistry, 
and theory and reaction mechanisms, are presented in ideal balance. 

By this arrangement, the authors exploit dual advantages. First of all, they 
present the “how” of reactions at the precise time the student really wants to 
know. They avoid the common mistake of solving problems the student doesn’t 
have. Second, the authors capitalize on the pedagogical advantage of review, in a 
sound manner, with maximum efficiency. Every experienced teacher of organic 
chemistry realizes the value of review; in Organic Chemistry Professors Smith and 
Cristol have shown how it can be accomplished without loss of time and effort. 
t In thc ,asl section of the text, the chemistry of the simple functions and the 
theory of reaction mechanisms are blended in a study of special topics dealing with 
more complex substances. Here the student is provided with excellent opportunity 

to test his knowledge and understanding by actual application to significant 
practical cases. 

The presentation is enlivened and sharpened throughout by the inclusion of a 
wealth of stimulating and provocative questions and problems and of a host of 
exceptionally significant drawings and illustrations designed to assist the student 
in grasping concepts and understanding principles. 

Calvin A. VanderWerf 
Harry H. Sisi lr 
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Preface 


The principal aim of this, and presumably any other organic chemistry 
textbook, is to enable the student beginning a study of the subject to gain 
an effective comprehension of this immense field with relative ease. To 
accomplish this end, such a text must present a sound body of experimen¬ 
tal facts in a systematic organization, correlated and explained by the best 
and the most recent basic theories possible. The presentation must start 
at the average level of its intended audience, and gradually lift each 
student to the highest practicable level of achievement. 

In the past, organic chemistry was organized entirely by functiorral 
groups, with everything factual and theoretical in one impenetrable lump 
under the functional heading. Recent texts have introduced a commend¬ 
able trend in teaching based on reaction types and mechanisms rather 
than functional groups. However, in espousing mechanism, some of these 
have gone to the opposite extreme and omitted much that is good in 
classical organic chemistry. In minimizing factual, descriptive material, 
they have been forced to a presentation that begins for many students 
nowhere near the introductory level. 

The authors of this text feel that they have combined the best features 
of both presentations in an original organization that accomplishes well, 
in their experience, the aims elaborated in the first paragraph above. 
This text begins in the first unit with an introduction to the nature and 
scope of organic chemistry and reviews briefly important principles many 
students miss or ignore in their general chemistry courses, this review be¬ 
ing slanted toward the utilization of these principles in organic chemistry. 

The second unit provides the factual foundation for later mechanistic 
development. It establishes structural theory as the basis of the behavior 
of the simple functions. Nomenclature, uses, and important methods of 
preparation are considered. EfTort is expended to give the student the 
feeling that organic chemistry is a tangible, practical endeavor, not just 
an ethereal philosophy. 

In the third unit theory and mechanism are exploited to correlate reac¬ 
tions. Syntheses are emphasized for the first time. Problems develop the 
student’s skill in devising synthetic schemes from single step to multiple 
step outlines involving ten or more reactions. 

The fourth and fifth units provide more descriptive material, also inter- 
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laced with theory, in topics that are of vital concern, not to all organic 
chemists, but some to each one. The teacher using the text can select from 
among these the topics that best suit his preference or the needs of his 
students. All those constitutive properties that figure substantially in the 
field of organic chemistry are included, not merely optical activity. Im¬ 
portant recent developments in the fields of complex substances and 
metabolic materials, such as enzymes and nucleic acids, are included with 
the usual carbohydrates and proteins. While some of these topics may 
reach a fair distance into the field of biochemistry, the authors consider 
this necessary since not all students will take a course in biochemistry. 
For those who can, this material provides a sound basis for biochemistry. 
It is hoped that each student will gain the feeling that organic chemistry is 
of vital importance to himself, not just as a subject to study, but as a body 
of knowledge that influences his daily living. A further hope is that many 
will find this an introduction to an exciting intellectual discipline to which 
they can devote lifetimes of rewarding study and practice. 

The authors have received helpful suggestions from a large number of 
persons, including colleagues and former students. They wish particularly 
to acknowledge rather extensive aid in manuscript reading and criticism 
by Dr. Ronald Caple, Dr. Robert H. DeWolfe, Mr. Bruce B. Jarvis, Dr. 
Gwen Mayo, Dr. John S. Meek, and Mr. Terence C. Morrill. 


January, 1966 


L. Oliver Smith, Jr. 
Stanley J. Cristol 
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UNIT 



Introduction 





The Nature and Study 
of Organic Chemistry 


1-1 THE TERM ORGANIC CHEMISTRY 

Originally, organic compounds were those carbon compounds obtained 
from living organisms. One of the interesting developments of the nine¬ 
teenth century was the overthrow of the idea that such compounds as 
sugar, urea, and alcohol could be prepared only by the help of a “vital 
force” supposed to exist in all living organisms. While many substances, 
such as starches, proteins, and a few natural drugs, are so complex that 
they have defied the ingenuity of organic chemists, most compounds 
found in plants and animals can be and have been prepared in the 
laboratory with the help of no living creature other than the chemist. 
Chemists have gone far beyond nature to produce drugs, pesticides, tex¬ 
tiles, dyes, coatings, explosives, plastics, adhesives, and cleansers not 
found in natural sources. 

Friedrich Wdhler has been credited with the demise of the vital force 
theory, thanks to his synthesis in 1828 of urea, CO(NH 2 ) 2 , from am¬ 
monium sulfate and lead cyanate. Although Wdhler thus prepared an 
organic compound outside a living organism, he had not shown to the 
satisfaction of some of his contemporaries that no vital force was carried 
along from the organic sources of his raw materials. 

Other chemical historians assign to Hermann Kolbe, who with Edward 
Frankland in 1845 prepared acetic acid from potassium hydroxide and 
acetonitrile, CHjCN, the credit for disproving the vital force theory. 
However, the real conquest of the vital force theory came through a wider 
understanding of the true nature of organic compounds and the reasons 
for their behavior. 

Today the term biochemistry is applied to the chemistry of living or¬ 
ganisms. The term organic continued to be cherished, however, because 
compounds with a carbon framework did not seem to behave according to 
the valence and affinity rules which applied to inorganic compounds. 
By the time August Kekule had developed structure as the clue to the 
anomalies of organic chemistry (1857), this had become firmly entrenched 
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4 NATURE AND STUDY OF ORGANIC CHEMISTRY 


as a field of its own with its own language and problems. At that time 
organic compounds appeared to differ from inorganic in that they were 
more volatile, less stable to heat, slower to react, and of more complex 
structure. 

Discovery of new organic compounds and new inorganic compounds 
blurred the distinctions between the two. Modern atomic theory has gone 
far to integrate all chemistry. Yet, it is still convenient to separate 
organic compounds on the basis of their very great number and close 
chemical relationships. Hence, organic chemistry is arbitrarily designated 
as the chemistry of the compounds of carbon, while inorganic chemistry 
claims all other compounds and the free elements. Numerous exceptions 
can best be learned by experience. 


1-2 SUGGESTIONS FOR STUDY 

However specialized a student’s interest in chemistry may be later, it is 
essential at first for him to study the basic principles and their application 
in a broad area of organic reactions. Hence, a first year organic chem¬ 
istry course must highlight the important representative aspects of the 
field. 

The only satisfactory method for learning organic chemistry is to wear 
down many pencils in the writing of formulas and equations and in solv¬ 
ing problems. This must be done in a thoughtful, questioning manner so 
as to learn why each fact is true, why each idea is accepted. Although 
certain tacts must be learned, perhaps by rote memorization, before they 
can submit to theory, in general, a more inquiring approach is required 
for a mastery of the subject. Even the textbook should be approached, 
not only receptively, but critically. Nothing pleases the dedicated teacher 

more than his students* becoming mature enough to point out his errors 
and those in textbooks. 

Assigned problems should be worked only after the proper foundation 
has been laid by mastering the text material. Problem working is not an 
end in itself, but a means for achieving better understanding of and 
greater familiarity with the reactions, concepts, or methods of the science, 

TThc teacher usualiy tries to integrate the laboratory experience with 
the lecture and text material. Experimental proof of text or lecture 

assertions may be noted. Explanation should be attempted for the failure 
Of any experiment to agree with the theory. 


SUPPLEMENTARY 

Bcnfcy, O. T., From Vital Force to Structural 
1964 . 


readings 

Formulas, Houghton-Mifflin, Boston, 



SUGGESTIONS FOR STUDY 5 


“Editor’s Outlook-Friedrich Wohler” and W. H. Warren. “Contemporary 
Reception of Wohler’s Discovery of the Synthesis of Urea," J. Chem. Educ., 

5, 1537-1553 (1928). 

“Justus Liebig and Friedrich WOhler ” in L. A. Goldblatt. Ed.. Readings in Ele¬ 
mentary Organic Chemistry, Appleton-Century, New York. 1938, pp. 9 10. 
Lipman, T. O., “Wohler’s Preparation of Urea and the Fate of Vitalism," J. Chem 

Educ., 41, 452-458 (1964). 

Oesper, R: E., “Justus von Liebig—Student and Teacher," J Chem. Educ., 4, 
1461-1476(1927). 


QUESTIONS AND PROBLEMS 

1. What is the modern significance of the words organic chemistry ''. 

2 . How did the term organic chemistry originate? 

3. What contribution did WOhler make to the early development of thought in 
organic chemistry? Kolbe? 

4. After reading either “Justus Liebig and Friedrich WOhler" or the articles by 
Lipman and Oesper, cited above, write a short paper describing the joint influence 
of WOhler and Liebig on the early progress of chemistry. 



Molecular Weights 



2-1 DETERMINATION OF MOLECULAR WEIGHTS 

Empirical formulas, much used in inorganic chemistry, can be calcu¬ 
lated from the analysis of a compound. However, the nature of the car¬ 
bon atom engenders too many compounds with the same empirical 
formula to make this of much use in organic chemistry. Before a molecu¬ 
lar formula can be assigned to a compound, the relative molecular weight 

of the compound must be known. 


Compounds with same empirical unit. CH 2 O. but different molecular units 


CH 2 0 CjhUOj 

Formaldehyde Acetic Acid 


c 4 h 8 o 4 

Methyl Glycerate 


c 6 H 12 o 6 

Glucose 


2-2 MOLECULAR WEIGHT FROM VAPOR DENSITY 

Methods developed by J. B. A. Dumas (1826) and Victor Meyer (1878) 
astd on Avogadro s law and the common gas laws, are used to determine 

rJeLhedTh ' 8 5 g3S !! and Vap0rS ' An amounI of volatile compound 

vanor St o' "" V f P ° r . The volume occupied by the compound in the 

10 standard condiiions - see a generai * 
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MOLECULAR WEIGHT FROM 


FREEZING AND ROILING POINTS 


If the concentration of solute is expressed ,n urn s proportion* to mole 
fraction, the lowering of the freezing point or elevation of the bo.hng 
point is given by a constant multiplied by the concentration of solute. The 

molecular weight of solute is thus given by eq. (1) 

1000KW 

0) M = (T„ - h)G 

where M is the molecular weight, K the molal freezing point constant or 
boiling point constant, W the weight of solute in grams, G the weigh o 
solvent in grams, T m the observed freezing (or melting) point or boding 
point of the mixture, and T„ the freezing (or melting) point or boiling 
point of the pure solvent. 1 The value of K depends on the solvent chosen. 

1 By Raoult’s law, 

p = Pox, or p = PoO - x d ) = Po ~ Pox d 

„ whic,. r . rr a*•-x.-, rr.TsvK 

s the mole fraction of solute The equation can be solved for the difference 
in vapor pressure at 7, between solution and pure solute. 

po - P = Po x d 

pheric) is proportional to the change in vapor pressure at /,. 

T m - T 0 = k{p 0 - P) 

: says ss sft '=:•=. = 

solutions in which po - P ' s sma **. 

T m - To - k Po x d 

!S£ 

molality, m, is proportional to x d . 

W/M WM, WKU 

x d 


(W/M) + (C/M,) W + MG 


MG 


By definition. 1000^ \000x d 

m - 


MG 


M, 


, „ . c m ^|| 1000/ M. is a constant for a given solvent 

Substituting'm for x^a^d k' for k to absorb the proportionality constant 1000/A/,. 


T„ - T 0 = k-pom 


Km 


since is also cons.anl for a given solvenl. Subsli.u.ion of i.s defined value, above. 
for#M & ivcs 7m _ Jo = 1000 K W / MG 

rearrangement of w h.ch to solve for molecular weight results in eq. (I). 
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400 350 300 250 200 

Temperature, °K 

Fig. 2-1. Equilibrium Diagram of Water. Heavy lines, pure 
water. Light lines, water with added solute. 


Crvoscopic (f.p.) constants are -1.86° for water, -37.7° for camphor. 2 
Ebullioscopic (b.p.) constants are 0.512° for water, 6.23° for benzene. 

Very accurate thermometers often must be used to measure the differ¬ 
ence between the temperature of the pure solvent and that of the solution. 
One device that can measure such differences to a thousandth of a degree 
is the differential thermometer, one type of which is shown in Fig 2-2 
The thermometer can be set to read in any desired five-degree temperature 
range by trapping part of the mercury in the loop of the setting device 
The very large mercury reservoir, b. and the very fine stem then assure 
high sensitivity m measuring temperature differences. Organic com¬ 
pounds insoluble in water may be studied in such organic solvents as 
benzene or camphor. 

The most accurate determinations of molecular weigh, are obtained by 
measuring three values at different concentrations and extending a line 
graphically to the value at infinite dilution (zero concentration) 

The osmotic pressure of a solution as concentrated as one molal is so 

wemh7 U f rt‘ T PCr ‘ y iS Se ' d0m Used t0 determine molecular 
eights of ordinary substances. For compounds made up of molecules 

with relative weights over 10.000, however, a weighable amount of ma e 

rial produces a solution dilute enough for easy measurement of osmotic 

2 Unless otherwise indicated, temperatures are in T 
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Fig. 2-2. Beckmann Differential Thermometer, 
(b) Bulb. 


(a) Setting device, 



a 


b 


pressure. This is fortunate, for the same solutions are too dilute to give 
measurable temperature differences by either cryoscopic or ebull.oscopic 

methods. 

Osmotic pressure is equal to the minimum pressure required to prevent 
pure solvent from passing through a membrane into a solution prepared 
with the same solvent. The membrane must be semipermeable; that is, it 
must allow solvent molecules to pass, but not solute molecules. 

Other methods are used to estimate molecular weights of colloidal 
materials (high polymers, such as starches, proteins, or synthetic resins). 
Some are those based on sedimentation rate, the rate of settling of the 
material in the strong centripetal field of an ultracentrifuge; on viscosity, 
the effect of large molecules on the rate of flow of a solution in a standard 
instrument; and on light scattering. 

2-4 MOLECULAR WEIGHTS FROM OTHER PHYSICAL 
PROPERTIES 

The mass spectrometer enables one to determine molecular weights 
with great accuracy up to about molecular weight 500. This is described 
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in Chapter 37. Spectroscopic data occasionally can be used to determine 
molecular weights. Nuclear magnetic resonance (Chapter 34) and X-ray 
diffraction (Chapter 36) have been so used. 

QUESTIONS AND PROBLEMS 

1. Describe the methods used to determine molecular weights of ordinary sub¬ 
stances. State the laws upon which these depend. 

2. What method can be used to determine molecular weights of compounds 

composed of very large molecules? 

3. A sample of a volatile liquid weighing 2.588 g. was found to occupy a volume 
of 521 ml. at 100° and 750 mm. Calculate the molecular weight of the compound. 

4. A sample of 0.0889 g. of a compound fused with 1.0352 g. of camphor melted 
at 148*. A sample of pure camphor melted at 173° on the same apparatus. Calcu¬ 
late the molecular weight of the compound. 

5. When 0.2672 g. of a compound was dissolved in 10.00 g. of benzene, a boiling 
point of 80.70* at 760 mm. was observed. What was the molecular weight of the 
substance? Pure benzene boils at 80.15° at 760 mm. 
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3-1 DETERMINATION OF COMPOSITION OF CARBON 
COMPOUNDS 

Rarely is it necessary to analyze organic compounds quantitatively for 
all the elements present. In fact, reliable methods for the determination 
of oxygen have been developed only recently. Nevertheless, the whole 
scheme of organic formulas depends ultimately on analysis for the ele¬ 
ments and knowledge of the compositions of compounds. 

A. Qualitative Analysis for the Elements 

Methods for detection of the elements present in organic compounds 
must include as the first step destruction of the covalent organic structure 
and formation of products for which standard inorganic analytical 

methods are available. 

The organic nature of many compounds can be shown by their flamma¬ 
bility, if they are volatile, or their charring to black residues if they are 
nonvolatile. Sooty flames and black char are evidence for carbon. More 
reliable is the decomposition of the compound with cupric oxide. The 
carbon dioxide produced precipitates calcium carbonate from a limewater 

solution. 

B. Analysis for Carbon and Hydrogen 

Carbon-hydrogen analysis is the most fundamental quantitative or¬ 
ganic analysis. The principles involved were developed by Lavoisier in 
the eighteenth century. Later Justus von Liebig recast the apparatus 
essentially into its modern form, with the extravagant claim that he had 
so simplified the procedure that the analysis could be performed by any 
intelligent monkey. There are, however, many students who, after experi¬ 
ence with the method, concede that if this is true, evolution should have 
stopped with monkeys. Because of scarcity or cost of materials, micro 
techniques, first developed by Fritz Pregl in 1910, are most popular. The 
apparatus is sketched in Fig. 3-1. 
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Fig. 3-1. Carbon-Hydrogen Combustion Apparatus. (1) Pinch clamp, (2) Pres¬ 
sure regulator, (3) Drying tower, (4) Flow regulator, (5) Capillary flowmeter, 
(6) Electric preheater, (7) Final 0 2 purifier, (8) Combustion tube, (9) Furnace 
controls, (10) Sample heater, (11) Combustion furnace, (12) Plug heater, (13) 
Water absorption tube, (14) C0 2 absorption tube, (15) Guard tube, (16) Hopcalite 
tube and electric heater used between 13 and 14 when nitrogen is present. (Hop¬ 
calite is a mixture of CuO, CoO, Mn0 2 , and Ag 2 0.) 

The sample is burned in a stream of oxygen to oxides of carbon and to 
water. Cupric oxide is used in the combustion tube (Fig* 3-2) to insure the 
conversion of carbon monoxide to carbon dioxide. See eqs. (1) and (2) 
for the combustion of sucrose (cane sugar). 

(1) C, 2 H„0„ + 120 2 — 12CO ? + UHjO 

(2) CuO + CO — Cu + C0 7 

The gain in weight of the absorption tubes, containing materials suit¬ 
able for absorbing water and carbon dioxide, respectively, represents the 
amount of oxidized hydrogen and carbon in the original organic com¬ 
pound. Alternatively, the product gases can be analyzed by vapor phase 
chromatography. 

H. as is usually the case for the product of a synthesis, the investigator 
anticipates the composition of the product, he compares the result of 
analysis with the composition calculated for the expected product. Sup¬ 
pose that the product may be CtH^Oj. If the analysis agrees with the 



F.g 3 2. The Combustion Tube. (I) Silver wool plug, (2) Copper 

chromite on emery. (3) Cupric oxide wire, (4) Emery. (5) Boat containing 
sample, (6) Tight-filling inert stopper. 
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calculated composition for the compound, it would be reported thus: 
Calculated for C 7 H 6 0 3 : C = 60.87°/ o ; H = 4.35%. Found. C = 60.93%; 
H = 4.32%. 

C. Analysis for Nitrogen 

The two methods now used to determine nitrogen are the Dumas 
gasometric method (1830) and the Kjeldahl titrimetric method. The 
Dumas train is shown in Fig. 3-3. The sample is oxidized by cupric oxide, 
which produces nitrogen and its oxides. The oxides are reduced to nitro¬ 
gen by hot copper gauze. The resulting gases are then swept into the 
azotometer, where the volume of nitrogen is measured over a concen¬ 
trated potassium hydroxide solution. 

(3) 2C 6 H 5 N0 2 + 27CuO — 12C0 2 + 5H 2 0 + 2NO + 27Cu 

(4) 2 NO + 2Cu — N, + 2CuO 

In the Kjeldahl procedure, a sample is digested with concentrated 
sulfuric acid, potassium sulfate, and a catalyst. The resulting ammonium 
sulfate is converted to ammonia by addition of sodium hydroxide. The 
ammonia is distilled into a measured volume of standard acid, which is 
titrated with standardized base to determine the quantity of ammonia. 

The Kjeldahl method is used mainly for the analysis of foods and agri¬ 
cultural products. The Dumas method is generally used for pure com¬ 
pounds. However, recent micro-Kjeldahl techniques have made this 
method more attractive to investigators who have only small samples for 
analysis. 



bottle containing solid C0 2 , (3) Three-way stopcock, (4) Combustion tube, 
(5) Burners, (6) Combustion furnace, (7) SchilT azotometer, (8) Leveling bottle. 
(9) Mercury seal and blowoff valve. (Modification of Shelberg, Anal. t hem. 23, 
1492-1493 (1951), used by permission of Dr. Shelberg and the publisher.) 
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3-2 FORMULAS, STRUCTURES, AND CONFIGURATIONS 

A. Empirical and Molecular Formulas 

As was pointed out in §2-1, the empirical formula is inadequate for the 
variety of compounds in organic chemistry. Application of physical laws 
discussed in §2-2 and §2-3 lead to molecular weights. Multiplication of the 
empirical formula by a suitable small integer gives a formula in which 
the sum of atomic masses equals the molecular weight. This is a molecu¬ 
lar formula. 

B. Structures 

Even molecular formulas fall short of the needs of the organic chemist 
in representing compounds. The five simplest hydrocarbons of the 
paraffin series are methane, CH 4 ; ethane, C 2 H 6 ; propane, C 3 H 8 ; and two 

TABLE 3-1. Formulas and Structures of Some Hydrocarbons 
Compound Molecular Formula Structural Formula 


Methane 


Ethane 


Propane 


n-Butane 



Isobutane 


H H H 

I I I 

h-c-c-c-h 
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butanes, both with the molecular formula C 4 H| 0 . All of these compounds 
have similar properties, despite apparent formula differences. In CH 4 . 
carbon has a valence of four; in C 2 H 6 , apparently three. In C)H 8 , the 
valence of carbon appears to be 2'i. Early chemists could not explain 
such apparently fractional valences. Two distinct compounds correspond¬ 
ing to C 4 H, 0 further complicate the situation. Primitive valence rules 
and molecular formulas provide no explanation for these anomalies. 

Friedrich August Kekule first solved the problem in 1857 by proposing 
to represent molecules by pictures or graphs showing the connections be¬ 
tween atoms, with the postulate that carbon atoms can be connected to 

H 

I 

each other. CH 4 becomes H—C—H. These graphs are called structural 

H 

formulas. Others are given in Table 3-1. The two structures for C 4 Hio 
explain the existence of two butanes. The connections between carbon 
atoms explain the maintenance of the tetravalence of carbon in spite of 
the anomalous valences seemingly present in the molecular formulas. 

It cannot be overemphasized that the structural formula of a molecule 
does not in any way represent a spatial picture of a molecule any more 
than a road map represents the contours of the terrain. Molecules exist 
in three dimensions, whereas their structural formulas are drawn in two. 
A structural formula shows only the order of connection of atoms in a 
molecule. The formulas 1-V all represent the same structure, that of n- 
butane (normal butane). They all show four carbon atoms connected in 

H H H 

I I I 

H —C-C —C —H 

I I I 

H—C—H H H 

I 

H 

II 

H H 

I I 

H —C-C —H 

I I 

H—C—H H—C—H 

I I ' 

H H 

IV 

ch 3 —ch 2 —ch,—ch 3 


H H H H 


H—C—C—C—C—H 


H H H H 


l 


H x / H / H 

H ' X H H H 


V 
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sequence in a continuous chain, with three hydrogen atoms connected to 
each of the two terminal carbon atoms, and two hydrogen atoms con¬ 
nected to each of the two inner carbon atoms. 

On the other hand, all of the structural formulas of isobutane, VI-IX, 
are different from the formulas above, but all represent the same molecule. 
Here three carbon atoms are connected to the same central carbon atom, 
which in turn is connected to but one hydrogen atom. The other three 
carbon atoms each hold three hydrogen atoms. The two structures and 
the compounds they represent, which have the same molecular formula, 
are called isomers. Some models are shown in Figs. 3-4 and 3-5. 


H H H 


H —c—c —c —H 


H 


H 


H —C —H 


H 

VI 


H H H H 

\ I I / 

H—C C —H 

\ / 

C 

I \ 

C H 

/I \ 

H H H 

VII 


H 


H—C —H H 


CH 3 
CH 3 —CH 


— CH 


H—C 


C —H 


H —C —H H 


H 


Vlll 


IX 


To maintain the tetravalence of carbon and univalence of hydrogen in 
compounds such as ethylene, X, and propylene, XI, it is necessary to con- 



Fig. 3-4. Molecular Models of Normal Butane. 
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Fig. 3-5. Molecular Models of lsobutane. 


sider two valences of one carbon atom united with two valences ot the 
other. Bonds so formed are called double bonds. 


H H 

I I 

H—C=C—H 


X 


H H H 


H—C=C—C—H 


H 


XI 


H—C=C—H 


XII 


H 

I 

H— c=c—c—H 

I 

H 

XIII 


Similarly, acetylene, XII, and methylacetylene, XIII, are said to have 
triple bonds. 

C. Electronic Formulos 

With the modern electron theory of matter came a reinvestigation of 
the connections between atoms. It was found that structures of molecules 
could be interpreted in terms of electron pair bonds between atoms. A 
single bond represents one shared pair of electrons; a double bond, two 
shared pairs of electrons; a triple bond, three shared pairs. Thus, methane 
is represented electronically according to formula XIV. In an electronic 


H 

h:c':h 

• • 

H 

XIV 

formula, the elementary symbol represents the kernel of an atom, and 
each dot a shared or unshared electron in the valence level of the atom. 
(The kernel of an atom is the atom less its valence electrons.) Like struc¬ 
tural formulas, electronic formulas give no clue as to the spatial arrange¬ 
ment of the atoms or to the behavior of the bonding electrons. Nothing is 
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implied about how the electrons hold the atoms together or where they are 
placed in the molecule. 

D. Configurations and Conformations 

It is often helpful to consider the spatial arrangement of molecules and 
to represent them as three-dimensional entities. The arrangement in 
space of the atoms in a molecule is the configuration or conformation of 
the molecule. A configurational or conformational formula is a two- 
dimensional projection used to represent molecular configuration or 
conformation. Configuration designates a spatial arrangement that is 
stable and produces separable spatial isomers. Conformation designates 
a momentary or passing geometrical arrangement that is too readily con¬ 
verted to a different conformation for geometrical isomers to be isolated. 

Thus, the two isomers of 1,2-dichloroethylene below are separable 
configurations, whereas the formulas for ethanol represent the same 
temporary conformation. 



ethanol 


QUESTIONS AND PROBLEMS 

1. What information can be gained from the quantitative analysis of a com¬ 
pound? From its molecular weight in addition to its composition? 

2. Define and illustrate the following terms: 

a. molecular formula c. electronic formula 

b. structure d. molecular configuration 

3. Draw the electronic formula of each of the following compounds and show 
the types of valence found in each: 

a. ammonia c. methane 

b. ammonium chloride 
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4. Write structures and electronic formulas for substances which contain double 
bonds; triple bonds. Do these substances have any single bonds? Label the types 
of bonds in the formulas. 

5. The analysis of a compound having a molecular weight of 84 gave the follow¬ 
ing data: 


Tared boat + sample 0.15881 g. 

Tared boat, empty 0.14869 g. 

Tared water absorption tube, after combustion 0.10294 g. 

Tared water absorption tube, before combustion 0.08987 g. 

Tared carbon dioxide absorption tube, after combustion 0.47699 g. 


Tared carbon dioxide absorption tube, before combustion 0.44521 g. 

Calculate the per cent of carbon and hydrogen in the compound, and calculate its 
molecular formula. 

6. From the following data, deduce the structure of an organic compound: 

Analysis: C = 79.88%, H = 20.12% 

Volume of 0.152 g. of the compound at 0* and 760 mm. is 112 ml. 

Use valence rules to aid in getting the structure from the molecular formula. 

7. From the following data, deduce the structure of an organic compound: 

Analysis: C = 37.2%, H = 7.8% 

Volume of 2.00 g. of the compound at 20° and 760 mm. is 747 ml. 

The compound gives a positive Beilstein test, indicating the presence of 
halogen. 

Use valence rules to aid in getting the structure from the molecular formula. 





Bonding and Chemical 
Reactivity 


I 

4-1 PRINCIPLES WHICH UNDERLIE CHEMICAL BONDING 

All chemical associations between atoms are the result of the necessity 
that those atoms achieve a state of greater stability than that of the free 
atoms. To learn what is most stable for an atom, we must study those 
elements whose atoms are notably stable and whose few chemical re¬ 
actions do not change their electronic structures fundamentally. The 
electron configuration of an atom, and possible changes therein en¬ 
gendered by chemical interactions with other atoms, form the basis for all 
chemical activity. 

A comparison of the elements helium, neon, and others in the helium 
group of the periodic table with stable compounds of other elements 
shows that elements tend to approach the electronic states of so-called 
noble gases nearby in atomic number, that is, by minimum expenditure of 
energy, to acquire electron configurations which resemble those of noble 
gases. 

A. Atomic Structure 

Principles of atomic structure, as derived from atomic spectroscopy and 
as described by quantum mechanics, teach that electrons are placed in 
atoms in discrete energy levels. Although a precise physical picture of 
atomic electron energy levels is unattainable, due to the Heisenberg un¬ 
certainty principle, which describes the impossibility of attaining knowl¬ 
edge simultaneously of both the position and the momentum of an atomic 
particle, a statistical picture based on the probability of location of an 
electron in a given volume has proved to be very useful. Such a picture is 
derivable from highly mathematical approaches called quantum mechan¬ 
ics, wave mechanics, or statistical mechanics (three mathematical systems 
based essentially on the same fundamental concepts.) Fortunately, it is 
not necessary to understand the mathematical processes to apply the 
conclusions. 

Electrons (as well as other material bodies) have both wave properties 
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and particulate properties. The former are more important in a descrip¬ 
tion of electronic energy states. In a given state, the probability density 
distribution of an electron (the probability of finding the electron in a 
given volume) is called the orbital of that electron. The shape of the 
orbital is defined by contour surfaces of constant probability. The elec¬ 
tron orbital, thus described in probability terms, is like a cloud without 
sharp boundaries. (The probability exists whether an electron is available 
to fill it or not; one may speak of an empty orbital.) 

The state of each electron is described by four quantum numbers. The 
Pauli exclusion principle states that no two electrons in the same atom can 
have the same four quantum numbers; at least one must differ. 

The four quantum numbers describe four different properties of the 
electron. These are its “shell,” or principal level, its angular momentum, 
its magnetic moment (due to its motion as a charged body), and its spin. 

The constant which determines the principal energy level of an electron 
is the principal quantum number, n , which is any positive integer (eq. I). 

(1) n = 1,2, 3— 

The angular momentum constant, called the azimuthal quantum num¬ 
ber, /, is also an integer, related to n as in eq. (2). 

(2) / = 0, 1.n - 1 

The magnetic constant, called the magnetic quantum number, m , is an 
integer which is related to / as in eq. (3). 

(3) m = 1,0, +1,...,+/ 

The spin quantum number, s, is independent of the other three, and has 
either of two values, +£ or depending on the direction of rotation of 
the electron on its axis in the atomic frame of reference. 

The quantum numbers and the energies of electrons in the states 
described by these numbers in a typical atom are illustrated in Fig. 4-1. 
The energies can be calculated in principle by placing the appropriate 
quantum numbers in a wave equation for the given atom. The energy 
states are often designated by letters, as the K shell (n = I), L shell ( n = 2), 
M shell (n = 3), etc., and s electrons (/ = 0), p electrons (/ = I), d electrons 
(/ = 2), and / electrons (/ = 3). These letters, the outgrowth of spectro¬ 
scopic studies which antedated quantum theory, are used like names to 
designate quantum states. 

The question, what electron slates of an atom are most stable, can be 
approached empirically through a study of the periodic table and the 
manner in which this table depends on quantum numbers of energy states. 
First, the electrons of an atom in its ground, or unexcited, state must be 
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n = 4, 1*0, m°0 


s-4 s=-4 

n*3,1*0, m*0 


n=2,1*0, m =0 


S*+£ S *-^ 


n* i, 1*0,m*0 


4 »*4 


s electrons 


0 = 4, 1=1 / m ‘ +1 

-m* 0 



s i 

, i-1 /* =+l 

s= 4 s= -t X m=-l 


M2. 1=1 / m ' + ‘ 

,-m= 0 


e*+£ 


p electrons 



d electrons 


Fig. 4-1. Energy Level Representation of Quantum Numbers. Levels differing 
in m numbers are shown separately, although except in applied magnetic fields, 
these levels have the same energies (are degenerate). 


in the lowest available energy levels (the aufbau principle). Otherwise, the 
atom could still lose energy, or become more stable, as electrons fall to 
lower states. Then, certain arrangements of electrons seem in themselves 
to be particularly stable. These occur notably in atoms at the ends of 
periods (called either Group 0 or Group 8) in the periodic table. This 
raises the question of how the periodicity of atomic properties depends on 
the number of electrons in the atom. 
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As atoms advance in atomic number, each added electron goes into the 
energy level next higher than that of the preceding electron (except that 
certain states are essentially equivalent in energy when not in a strong, 
inhomogeneous magnetic field). The first electron is in the level described 
as n = 1, / = 0, m = 0, s = The second differs only in having 5 = + $. 

When n= 1, / can only be 0, eq. (2), and m only 0, eq. (3). No more 
electrons can occupy the K shell. The third electron must go into the 
L shell, n = 2. This starts the second period. A new period starts when 
the next added electron goes into a higher shell (i.e., has a higher principal 
quantum number) than the last electron of the preceding element. The 
neutral atom with two electrons, helium, has one filled shell and is an 
unreactive atom. 

The addition of electrons with advancing atomic number continues: 


3 

4 

5 

6 

7 

8 

9 

10 



With the tenth element, once more a shell is filled. The eleventh electron 
goes into the M shell, n = 3. Like helium, the tenth element, neon, is 
unreactive. 

The third period proceeds like the second to element 18. Then, a new 
factor arises (Fig. 4-2). The energy of the state n = 4, / = 0 is lower than 
that of the state n = 3, / * 2. Instead of continuing to fill its M shell, the 
nineteenth clement (potassium) begins a new period by having its highest- 
energy electron in the N shell. The eighteenth element thus does not have 
a full outer shell, but nevertheless it is an unreactive element (argon). The 
remaining stable elements resemble the argon pattern. Electron configura¬ 
tions for those through xenon are given in Table 4-1. 


TABLE 4-1. Electron Configurations of Unreactive Elements (Inert Gases) 


Symbol 

K shell 

L shell 

M shell 

N shell 

O shell 



j p 

s p d 

5 P d (/) 

5 p 

He 

2 

2 + 6 




Ne 

2 

2 + 6 




Ar 

2 

2 + 6 

2 + 6 



Kr 

2 

2 + 6 

2 + 6+10 

2 + 6 


Xe 

2 

2 + 6 

2 + 6+10 

2 + 6+10 

2 + 6 
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n = principal quantum number (orbital no.) 
1 » angular momentum number (azimuthal no.) 
m = magnetic moment number (magnetic no.) 



Except for helium, which has a full K shell of two electrons, all of the 
stable elements have two s (/ = 0) electrons and six p (/ = 1) electrons in 
their outermost levels; these are the states other atoms tend to approach 
by chemical reactions. 

B. Electrovalence 

In order to acquire inert gas configurations, some atoms are able to lose 
(donate) electrons, others to gain (accept) electrons. For example, mag¬ 
nesium and nitrogen react by electron transfer to form ions (eqs. 4 and 5). 
Both of the ions have the neon configuration, ls 2 2.? J /? 6 (which means two 
j electrons in the K shell, two 5 electrons and six p electrons in the L shell). 

(4) Mg: — Mg ?+ + 2e~ 

(5) 6e~ + :n:::n: — 2 :N: 3 ' 

• • 
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Overall: 

(6) 3 Mg: + '• N::: N '• — 3Mg 2 * + 2 :n: 3_ 

The ions are held together by the electrostatic attractions due to their 
opposite charges. This attraction constitutes an electrovalcnt bond. 

Those atoms not near enough to inert gas configurations to comply with 
the energy requirements for the formation of simple ions must achieve 
chemical stability by other means. They avoid charge accumulation by 
the sharing of electrons among two (or sometimes more) separate atomic 
orbitals between the connected atoms. Such sharing ties the atoms to¬ 
gether by a covalent bond. 

C. Covalent Bonding. The Hydrogen Molecule 

To understand how atoms can approach inert gas stability by sharing 
electrons, let us consider the cases of two separate hydrogen atoms, the 
hydrogen molecule and the helium atom. Each separate hydrogen atom 
has one proton and one electron. Each conceivably may acquire a stable 
configuration by accepting an electron, but both atoms cannot act as 
acceptors without an outside donor. But, if the two atoms form an ag¬ 
gregate with the two protons close enough together to allow the two elec¬ 
trons to occupy an orbital around them, the aggregate, or molecule, has a 
helium-like configuration (Fig. 4-3). In helium, the electrons position 


A 


Fig. 4-3. Analogy between (A) a Helium 
Atom and (B) a Hydrogen Molecule. 







* 
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themselves about a single, two-unit, positive charge, while in the hydrogen 
molecule the electrons must stretch out to position themselves about two 
separate atomic nuclei. 

D. Bond Dissociation Energies 

Let us consider what happens in terms of potential energy as two 
hydrogen atoms approach each other. Either of two things may occur. 
If the electrons of both atoms have parallel spins (both or both +i), no 
bond can form, for then two electrons of identical quantum numbers 
would occupy the same orbital (violation of the Pauli exclusion principle). 
The closer the two nonbonding atoms approach each other, the more their 
nuclear charges and their valence electrons repel each other, and the 
higher is the potential energy of the two-atom system (Fig. 4-4A, moving 
to the left). 



Distance between Atomic Centers 



Distance between Atomic Centers 


A B 

Fig. 4-4. Total Energies of Systems of Two Hydrogen Atoms. (A) Nonbonding 
conditions, (B) Bonding conditions. Zero energy = energy of separated atoms. 
r 0 = bond distance. E D - bond dissociation energy. 


Under bonding conditions (valence electrons antiparallel; one spin -£, 
the other + $), the spin moments of the two electrons couple, or the elec¬ 
trons are said to pair. This results in an attraction as the two atoms ap¬ 
proach each other and a decrease in potential energy up to a certain 
distance (Fig. 4-4B, moving toward the left). At this point, r 0 in Fig. 4-4B, 
further repulsions between the nuclei increase the energy of the system 
more than electronic coupling decreases it, so that the energy of the sys¬ 
tem rises again, quite steeply, when the two atomic nuclei come closer 
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together than r 0 . This prevents the two hydrogen atoms from collapsing 
to form a 2 He atom and establishes a definite distance between the nuclei. 
r 0 , called the bond distance , at which the atoms are most stable. The 
energy difference between this state, at which the atoms have formed a 
stable molecule, and the state to the right in Fig. 4-4B, at which the atoms 
are separate, independent, neutral units, is called the bond dissociation 
energy of the H: H bond. The exact values for the bond distance and bond 
dissociation energy between any two atoms in a molecule depends on the 
balancing of attractive and repulsive forces between parts of the molecule. 

E. Covalent Bonding in More Complex Molecules 

As a case typical of somewhat more complex systems, let us consider 
hydrogen fluoride and its relationship to neon. Only the outermost 
(valence) shell of electrons participates in the bonding of second and third 
period elements; the inner, stable shells can, for our purpose, be ignored. 
The L shell of neon may have two types of electron orbitals. These are the 
5 orbital (/ = 0) and three p orbitals (/ = 1; m = - 1, 0, and +1). Each 
orbital can hold one pair of electrons (opposite in spin). 

To form a neon-like molecule, a Ip orbital of the fluorine atom and the 
\s orbital of the hydrogen atom might be considered to form one bonding 
molecular orbital, while the s orbital and two of the p orbitals of the 
fluorine atom remain unchanged. We thus arrive at a neon-like hydrogen 
fluoride molecule (Fig. 4-5). What actually occurs may be somewhat more 
complex than this, but the details are more readily understood after the 
carbon system has been considered. 



A B 

Fig. 4-5. Preliminary Approximation of Formation 
of a Neon-likc Molecule by Combination of Hydro¬ 
gen and Fluorine. (A) Neon 2s and 2p 3 -orbitals, 
(B)H — F a molecular orbital and 2 p y , 2p t , and 2s 
atomic orbitals. 
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F. Atomic Orbitals 

The locus of an electron in a given energy level of art atom is called an 
atomic orbital (AO). The distribution of the electron can be surmised 
from the wave nature of the electron. The wave equation for a K shell 
electron, such as that of the hydrogen atom (Figs. 4-6 and 4-7), reveals 
that the electron can be found anywhere in space, but is most probably 
found near the atomic nucleus (99% within about one A). The atomic 
orbital occupied by electrons in the ground state of the hydrogen atom 
or helium atom (Fig. 4-8A) is called an s orbital and is spherically 
symmetrical. 

The Is orbital is similar to the Is orbital; it is spherically symmetrical. 
However, the three 2 p atomic orbitals are twin-lobed orbitals, one of 
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Distance from Nucleus,A 

Fig. 4-6. Probability Density Distribution of Hydrogen s Orbital 
Electron (probability of finding electron in volume element dxdydz at 
distance r from nucleus). \f, is the wave function for the 1$ orbital. 
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Distance from Nucleus, A 

Fig. 4-7. Radial Probability Distribution of Hydrogen s Orbital Elec¬ 
tron (probability of finding electron in spherical shell of thickness dr at 
distance r from nucleus). 





Fig.4-8. Atomic Orbitals. (A) j orbital, (B) p orbital, (C) p* orbitals. 
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which is shown in Fig. 4-8B, each at right angles to the other two (Fig. 
4-8C). The two lobes of a p orbital belong to the same orbital. 

Since the p orbitals are directed toward the three Cartesian axes, x , y , 
and z, they are designated p x (with its axis of rotation in the x axis), p y> 
and, p z . The details of atomic orbital structure depend on reasonable, but 
approximate, quantum mechanical assumptions; only indirect experimen¬ 
tal evidence, if any, is available to support them. 

The five d orbitals (/ = 2) and seven / orbitals (/ = 3) in a given shell are 
somewhat more complex. Since they play less important roles in organic 
compounds than s orbitals and p orbitals, they are not described here. 

G. Molecular Orbitals 

The fact that electrons from different atoms interact to form a covalent 
bond between atoms indicates that something occurs between the atomic 
orbitals. The interaction is described in different ways, depending on the 
point of view, each a different aspect of the covalent bond. Electron spin 
coupling is involved; this means that the two separate AO’s combine to 
form a single bonding molecular orbital (MO), in which only two elec¬ 
trons with opposite spins can exist. The new system also contains an anti¬ 
bonding MO, but this higher-energy MO is empty in the ground state of 
the molecule. The aufbau principle applies to molecular orbitals as well 
as atomic orbitals (§4-1 A). 

Like an AO, an MO is the probability density distribution of electrons 
in a specific energy state. An MO differs from an AO, however, in that 
the former includes at least two atomic nuclei, the latter only one. 

A molecular orbital may be considered to be formed by an overlapping 
interaction of two or nore atomic orbitals. This is illustrated for the 
hydrogen molecule in big. 4-9. Although the degree to which atomic 
orbitals overlap in the formation of a molecular orbital is one criterion of 
the stability (dissociation energy) of a bond, more occurs than mere over¬ 
lapping, since both the shape and electron distribution in the molecular 



A B C 

Fig. 4-9. Combination of Atomic Orbitals of Two Hydrogen Atoms to 
Form a Molecular Orbital. (A) Separate atomic orbitals, (B) Overlapping 
representation of molecular orbitals, (C) More accurate elliptical orbital 

formed by coalescence of atomic orbitals. 

% 
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orbital are considered to differ from a simple summation of atomic 
orbitals. 

The analogy between the hydrogen molecular orbital and the Is atomic 
orbital led to designation of the hydrogen MO as a a orbital. This MO, 
formed from two Is AO’s, is one of several closely related types called 
a (sigma). A a MO is characteristic of a single bond and also occurs as 
the lowest-energy orbital of each multiple bond. 

(1) Molecular Energy Levels. When two or more AO’s combine, the 
same number of MO’s result. In the simple case of the hydrogen mole¬ 
cule, the AO’s interact to produce one MO of greater stability (lower 
energy content) than the original AO’s, called a bonding orbital, and one 
MO of lesser stability (high energy content), called an antibonding orbital 
(see Fig. 4-10). 


Energy 
Content of 
Orbitol 


r 


cr* (anti bonding) 


Is i ls 2 \ 


o' (bonding) 


AO's MO’s 


Fig. 4-10. Energy Diagram for Molecular Or¬ 
bital Formation in Hydrogen. 


Since each orbital can hold up to two electrons (differing in spin quan¬ 
tum number), the two electrons of the hydrogen molecule reside in the 
bonding orbital in the ground (unexcited) state. A third electron would 
have to go into a higher-energy orbital to give a less stable species. 

The summation for all the electrons in the orbital of the«energy differ¬ 
ence between the MO and the AO’s is called resonance energy. The 
resonance energy plus the energy due to coulombic forces (electrical 
charges) is the bond dissociation energy (§4-1 D). 

(2) Orbital Hybridization. The simple MO approach used in §4-lC and 
§4-1E can be tested more fully in the cases of polyatomic molecules, HOH, 
NHs.and CH 4 , than in the cases of simple diatomic molecules thus far 
described. One would predict in these cases that at least some of the 
H—X—H bond angles (see Fig. 4-11) would be 90°, since the H—X sigma 
bonds formed between the p orbitals of X and s orbital of H would be 
restricted by the geometry of the p atomic orbitals (§4-IF) to 90° angles 
about X. Since the 25 orbital of X is nondirectcd, a fourth sigma orbital 
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fig. 4-11. Bond angle, a. 


between the 1 s of H and 2s of X = C might assume any position relative 
to the others, say as far away as possible, so as to form an irregular 
tetrahedron. 

In fact, however, experimental measurements of such angles by dipole 
moments (Chapter 35) and electron diffraction (Chapter 36) show 
H—X—H angles significantly larger than 90°. Furthermore, the CH 4 
molecule is perfectly symmetrical. All four hydrogen atoms are identical 
and equally restrained in their positions as if all four bonds were identical. 
Such can be the case only if the characters of the j orbital and three 
p orbitals of the carbon atom have become completely mixed so that each 
bonding orbital has { s and $ p character at carbon. This is called bond 
hybridization. 

A useful approach is to consider a molecular system as a linear combina¬ 
tion of atomic orbitals (LCAO) (§4-lG). According to this viewpoint, 
linear overlapping of either s orbitals or p orbitals is poorer, hence less 
stable, than linear overlapping of orbitals somewhere between s and p in 
character (Fig. 4-12). Hence, intermediate or hybrid orbitals form more 
stable bonds than pure s or pure p orbitals. 

Figure 4-13 shows the relative energies of the atomic orbitals in a sec¬ 
ond period element. The lowest-energy orbital (1 j) is the closed, stable 
shell not used in chemical bonding, while the 2.y and 2 p orbitals are avail- 




fig. 4-12. Degree of Overlapping in Various 
(A) 5 Orbitals, (B) p Orbitals, (C) j Orbital 
mediate (hybrid) orbitals. 


Types of Orbital Systems, 
and p Orbital, (D) Inter- 
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Energy 

Fig. 4-13. Relative Energy Contents of Content of 
Simple Atomic Orbitals. Orbital 


m: 

able for valence electrons. Hybrid orbitals lie between 2.v and 2 p in 
energies, proportional to the amount of s and p character they contain. 

In CH 4 the gain in stabilization energy by better overlap is made at no 
expense, since all four orbitals are utilized in bonding and the total of 
energies of the four sp i hybrid AO’s (one s and three p orbitals -* four sp y 
hybrids) is the same as the total of energies of unhybridized AO’s of the 
parent system. However, better bonding can be attained in hybrid MOs 
than unhybridized MO’s. Thus, there is a very strong tendency for a car¬ 
bon atom attached to four other groups to hybridize its orbitals. This 
results in a normal bond angle of 109.5° for tetrahedral carbon. 

Similarly, water and ammonia obtain best stability through hybrid 
MO’s. However, the s and p character are not necessarily equally dis¬ 
tributed among the bonds and the unshared electron pairs. This may 
explain deviations of bond angles in these compounds (105° in water, 
108° in ammonia) from regular tetrahedral angles. 

It is apparent from the discussion above that the amount of s and p 
character in hybrid bonding orbitals is reflected in molecular geometry. 
Four ideal systems are recognized (Fig. 4-14). One has already been men¬ 
tioned, the sp y tetrahedral system shown in Fig. 4-I4C. The other 
hybridized systems are the sp 2 system, which is trigonal (bond angles 
120°) (Fig. 4-I4B), and the sp system, which is digonal or linear (bond 
angle 180°) (Fig. 4-I4A). The fourth, unhybridized, system, may occur 
in bonding of some elements in higher periods, such as sulfur. 

It is seen that more p character decreases bond angles (180° —* 120° — 
109.5° —► 90°). The ideal systems characterize certain types of bonds with 
the angles of the actual bonds distributed more or less about the ideal 
angles, depending on molecular forces not thus far considered. 

A sigma molecular orbital is formed by the longitudinal overlapping of 
any combination of j, p or sp" hybrid AO’s. The sp* — sp y a orbital of 
ethane is illustrated in Fig. 4-15A. 

(3) Multiple Bonds. In the most common molecular orbital treatment, a 
double bond is considered to have two kinds of molecular orbitals. The 
first of these is a a orbital formed from two sp 2 AO’s which overlap with 


2p 

2s 


Is 
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Fig. 4-14. Hybridized Atomic Orbitals. (A) sp hybrid orbitals (at 180*), 
(B) sp 2 hybrid orbitals (at 120°), (C) sp 3 hybrid orbitals (tetrahedral). 


their axes in the direction of the bond. Consideration of a trigonal carbon 
atom with three sp 2 AO’s and one p AO indicates that the axis of the 
p orbital is at right angles to the plane of the three sp 2 's. When two such 
atoms are combined (Fig. 4-16A), the two p orbitals can overlap only in a 
parallel fashion (Fig. 4-16B); the molecular orbital thus formed (Fig. 
4-16C) is termed a pi ( 7 r) MO. The a and 7 r orbitals in ethylene are shown 



A B 

Fig. 4-15. ^ Hybridized Molecular Orbitals. (A) One of the 
several sp' hybrid a orbitals of two carbon atoms; directions of 
others shown by dash lines, (B) sp 2 hybrid a orbital and x 
orbital connecting carbon atoms by double bond; directions of 
other a orbitals show n by dash lines 

-3 
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or 


A B C 

Fig. 4-16. Combination of Two p Atomic Orbitals to Form a ir Molecular 
Orbital. (A) p AO’s, (B) Overlapping model of tt MO, (C) MO model of 
r orbital. 

in Fig. 4-15B. As the angles between sp 2 orbitals is 120°, thfs is the ap¬ 
proximate C — C —H angle observed in ethylene. Other doubly bonded 
systems have similar geometries. 

Again, it is instructive to consider the energy diagrams for the forma¬ 
tion of the a and w molecular orbitals connecting the two carbon atoms in 
ethylene. In the formation of the a orbital, the two sp 2 hybrid atomic 
orbitals combine to form one bonding and one antibonding MO (Fig. 
4-17). Again bonding electrons fill the bonding MO rather than the higher 
level. The two unhybridized p orbitals combine similarly to form a bond¬ 
ing 7 r orbital and an antibonding 7r* orbital. Inspection of the energy 
diagram reveals that the four electrons in the double bond of ethylene 
occupy the a and 7r orbitals and leave the a* and n* orbitals unoccupied. 
Reactions of ethylene are assumed to involve the 7r electrons which are 
less stable and thus more readily perturbed than the a electrons. 

In acetylenes, each carbon atom has two sp orbitals and two p orbitals, 
each at right angles to the other and to the line of the sp bonds. Com¬ 
bination of the two p AO’s on each atom in pairs leads to the formation of 
two sets of tt MO’s (Fig. 4-18A and 4-18B) (as well as corresponding 
x* MO’s), which with the a orbital from the sp-sp AO’s form the triple 
bond. The linearity of the molecule of acetylene is thus explained. 




Fig. 4-17. Energy Diagram for Molec¬ 
ular Orbital Formation in Carbon- 
Carbon Double Bonds. Unstarred 
MO’s are bonding; starred ones are 
antibonding. 



cr 


v — 

y 

JT 


_ '/ 


Energy 

j 2p 2 C ( 


Content of 

2sp r i x N_ 

— TT 

Orbital 

\ 

\ 

— cr 


MO's 


AO’s 



36 BONDING AND CHEMICAL REACTIVITY 





Fig. 4-18. Combination of Two Atomic p 2 Orbitals to Form Two r Molecular 
Orbitals. (A) Atomic orbitals, (B) Overlapping model of r 2 MO, (C) Coalescing 
model of ir MO. 


H. Orbital Formulation 

It is inconvenient to attempt to represent AO’s and MO’s by their 
probability density clouds, hence these features have been conven¬ 
tionalized. Sigma orbitals arc represented by straight lines (or occa¬ 
sionally ellipses) joining the elementary symbols. Pi orbitals are repre¬ 
sented by p loops joined by tie lines. Formation of the <r, <nr, and ar 2 
bonds of ethane, ethylene, and acetylene (C 2 H 2 ) are notated according to 
Eqs. (7) through (9). 



4-2. MOLECULAR PROPERTIES 
A. Geometry 

Atoms covalently bound together are most stable when their nuclei are 
at some definite distance apart (§4-1D and Fig. 4-4B). The study of a large 
number of compounds indicates that each atom in a particular type of 
bond contributes a nearly constant, characteristic increment to the bond 
distance. For example, the C—C bond distance in ethane, 1.542 A, and 
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the H—H bond distance in hydrogen, 0.74 A, average to give nearly the 
C—H bond distance in ethane, 1.094 A. The increment contributed by 
each atom, 0.77 A for carbon and 0.37 A for hydrogen, is its covalent 
bond radius. This varies significantly with the type of bo'nd (single, 
double, triple). 

Parts of unattached atoms or different molecules contiguous to each 
other show radii different from covalent radii. As illustrated in Fig. 4-4A, 
nonoverlapping atomic and molecular orbitals repel each other out to 
some definite distance. These nonbonding interactions give rise to (some¬ 
what elastic) nonbonding radii. The distinction between covalent and 
nonbonding radii is shown in Fig. 4-19. 


Fig. 4-19. Atomic Dimensions. a,a' = Atomic non¬ 
bonding radii. b,b' = Covalent radii, b + b' = bond 
distance. 



The effects of varying kinds of orbital hybridization on bond angles 

have been discussed (§4-lG(2) and §4-lG(3)). Bond distances are also 

sensitive to kinds of orbital hybridization, as well as to the multiplicity 
of the bonds. 

Those orbitals with more j character (Fig. 4-14) are shorter and result 
in shorter bonds than those with less 5 character. Variation of single bond 
radii of carbon atoms with orbital hybridization,^ 3 > sp 2 > sp , is shown 

sp } / 

in Table 4-2. Thus, the system C C— has a shorter bond length 

i ? ^ \ 

\sp 3 sp 3 / 

(1.50 A) than the system —C — C— (1.54 A). 

Addition of one or more ir orbitals to a bond introduces additional 
attractive forces between the bound atoms, hence shortens the bond dis¬ 
tances (Table 4-3). 


TABLE 4-2. 

Single Bond Radii 

vs. Hybridization 

Orbital 

Bond 

Radius. A 

sp 3 


0.77 

*P 2 

>- 

0.73 

sp 

=c— 

0.69 
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TABLE 4-3. Bond Radii vs. Bond Multiplicity and Bond Hybridization 


Orbitals Bond_ Radius - A 


sp 2 (a) 

>- 

0.73 

sp 2 (<r) + p(*) 

II 

/ u \ 

0.67 

sp(<r) 

=C— 

0.69 

sp (a) + p (tt) 

=C= 

0.64 

spiff) + /> 2 C* 2 ) 

— c= 

0.60 


B. Rotations in Molecules 

Molecules are far more mobile and more flexible than paper formulas 
or ball-and-peg models would seem to indicate. Molecular motions take a 
variety of forms, of which the fundamental types are illustrated in 
Fig. 4-20. 



C 

Rg. 4-20. Types of Molecular Motion. (A) Vibrations, 
(B) Rotations, (C) Translation. 
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Single (<r orbital) bonds (Fig. 4-15A) are cylindrically symmetrical, hence 
allow almost complete freedom of rotation of the other MO's about them 
(Fig. 4-21 A). However, the other groups (the H-atoms in Fig. 4-21 A) 
cannot pass by each other, since to do so would require distortions of 
bond angles in the sp 3 system too far from the hybridization angle. Thus, 
those groups on the same atom must maintain the same positions relative 
to each other, but can rotate past the groups on the adjacent carbon atom. 

On the other hand, p orbital pairing completely blocks rotation of the 
groups about the (nr double bond at room temperature (Fig. 4-21B). 





Fig. 4-21. Complete MO Diagrams and MO Formulas 
for Ethane and Ethylene. (A) Ethane, rotation permitted, 
(B) Ethylene, showing t MO tie which prevents rotation. 


Again, the p orbitals and a orbitals on a single carbon atom must main¬ 
tain their relative geometries. Thus, tying of the p orbitals into a pi orbital 
(Figs. 4-I5B and 4-21 B) fixes the relative geometries about both of the 
connected atoms. To cause groups to rotate about a air bond requires 
uncoupling of the ir orbital (equivalent to transferring electrons from the 
r MO to the p AO’s), a high-energy process (Fig. 4-17), or destruction of 
the 7r orbital momentarily by a chemical reaction. _ 

Consequently, the two butenes, VI and VII, arc separately isolable 
isomeric compounds. They are called geometric isomers since they differ 
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in the spatial orientation or configuration of their groups. On the other 
hand, the different conformations, VIII and IX, of /i-butane readily rotate 
from one to the other and are not separately isolable. 



C. Molecular Polarity 

The unequal distribution of electrons in the orbitals between atoms that 
differ in electronegativity may result in making one portion of the mole¬ 
cule permanently more negative, another more positive. (Only when the 
electronegativity differences are directed so as to cancel each other, as in 
methane, carbon tetrachloride, and other similar molecules, does the co¬ 
valent compound have nonpolar molecules.) 

Polar molecules tend to become oriented with respect to electrical fields, 
including those of other polar molecules (Fig. 4-22). Such orientation 


Fig. 4-22. Forces Exerted on One Polar 
Molecule by Another. 



results in maximizing attractive forces and minimizing repulsive forces 
between the molecules. Where polar forces are large, they have significant 
effects on physical properties. Large intermolecular polar attractions tend 
to raise boiling points and melting points and to increase densities. 

D. Hydrogen Bonding 

A hydrogen bond (also called hydrogen bridge) is an attraction between 
two molecular units through a hydrogen atom attached to one unit and an 
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unshared pair of electrons attached to the other unit, as in water. The 

H:6:h:6:H'6: 

H H H 

hydrogen bonded 
(associated) water 


stability of the connection varies from chemical association, as in the 

• • • • 

bifluoride ion (:F:H:F:) _ , to weak physical association little stronger 
than other attractions between polar molecules. 

Hydrogen bonding occurs in compounds in which the hydrogen atoms 
are positive ends of polar molecules. These electron-hungry hydrogen 
atoms attract unshared electrons on atoms which are negative ends of 
polar molecules. Hydrogen bonding strong enough to cause obvious 
abnormalities in properties is generally limited to cases in which the 
hydrogen atoms are bound to nitrogen, oxygen, or fluorine and in which 
the unshared electron pair is also on one of these elements. These are 
elements with which hydrogen forms unusually strong covalent linkages, 
as is indicated by the exceptionally low acid strengths of the acids NH 3 , 
H 2 0, and HF. Weaker hydrogen bonds have been detected in a variety of 
other cases, some of which are considered at the appropriate places. 

Hydrogen bonding, by greatly increasing the effective size of unit par¬ 
ticles (or by greatly increasing attractive forces between molecules), results 
in higher melting points and boiling points than is expected for molecules 
of a given molecular weight. The efTect is similar to that of other polar 
attractions, but is often much greater. Thus, water, molecular weight 18, 
boils 124° higher than methyl ether, CHjOCHj, molecular weight 46. 
Both contain polar molecules, but only water exhibits strong hydrogen 
bonding. 

4-3. CARBON AND ITS PROPERTIES 

Carbon appears in the middle of the second period of the periodic 
table. The structures of the carbon atom and its kernel are summarized 
in Table 4-4. 

In keeping with its central position in the period, carbon is stable only 
when it shares electrons. The ultimate example of such sharing is in the 
elementary forms of carbon, diamond and graphite. Diamond consists of 
carbon atoms covalently bound to each other by single bonds only. The 
hardness and relative inertness of diamond are testimony to the strength 
and stability of the carbon-to-carbon bond. The arrangement of the 
atoms in a diamond crystal, as interpreted from X-ray scattering photo¬ 
graphs, is illustrated in Fig. 4-23. 
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TABLE 4-4. Atomic Structure of Carbon 


Symbol C 


Atomic Number 6 



Kernel Structure 

■ 

6p,6n 

4-4 


\s 


Electronic Diagram of Atom 

•C: 

• 



In graphite (Gk. graphein , to write), the carbon atoms are also co¬ 
valently bound, but only within layers, whereas the bonding in diamond 
is three dimensional throughout the crystal. Fig. 4-24 illustrates the ar¬ 
rangement of atoms in graphite as interpreted from X-ray studies. Since 
there are no chemical bonds between layers, these can easily slip over each 
other, particularly when air molecules wedge the layers apart and cause 
them to roll up and act as bearings. Conductivity is due to transfer of 
electrons through the layers by a process of electron leap-frog through the 
pi orbitals of the alternating double and single bonds (Fig. 4-25). (Again, 
a crude model is presented; the double and single bonds are not localized 
as this diagram would imply.) 

Carbon is a mild reducing agent. It reacts directly with oxygen, sulfur, 
and halogens, but only at high temperatures. Its affinity for oxygen is 


Fig. 4-23. Diamond Crystal Lattice. Typical tetra¬ 
hedral sigma orbital hybridization for carbon atoms 
with all single bonds. 
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Fig. 4-24. Graphite Crystal Lattice. Typical trigonal (planar 
120°) sigma orbital hybridization for carbon atoms with two 
single and one double bonds. 

sufficient to remove this element from several metal oxides and water, 
again at high temperatures. 

Carbon shows remarkable ability to form covalent bonds with atoms 
of other elements as well as with other carbon atoms. Multiple bond for¬ 
mation with atoms of other Period 2 elements as well as with other 
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Fig. 4-25. Electron Transfer in Graphite. 
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carbon atoms is another important property. Many common compounds 
of carbon contain multiple bonds. 


Double bonds 



carbon dioxide 



carbonates 


Triple bonds 




hydrogen cyanide 


H:c:::c:H 



acetylene 


Carbon dioxide is a covalent gas which dissolves in water to form a 
weak acid. Thus, the hydrous oxide of carbon is carbonic acid. 

(14) :o::c::6: + h:6:h — h:6:c::6: 

• • • • l • 


© 

(15) H:6:c: 6:H + H:6:H — H:o:H + H:6:C:6: 

•••••• • t •• •••••• 

• • • • 

:q: H :o: 


Carbon tetrachloride is a covalent liquid. Unlike silicon tetrachloride, 
phosphorus chlorides, and sulfur chlorides, it is not readily hydrolyzed by 
water. The difference is explained by the ease with which the Period 3 
elements can expand their valences because of d orbital availability in 
these elements. Atoms of these elements can admit water molecules to 
their valence spheres until they hold as many as six covalent bonds before 
a single chloride ion is obliged to leave. The carbon kernel, on the other 
hand, must reject a chloride ion before or at the same time as the new 
bond is formed. 
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+ HXI-, etc. 


A carbon atom is most stable when covalently bound so as to share all 
four of its valence electrons. Typical of the most stable state of carbon 
is methane, CH 4 , a covalent gas. The most unique feature of compounds 
of carbon is the extent to which carbon atoms are bound to other carbon 
atoms in chains, rings, and complex forms. It is this feature that occasions 
the immense number of carbon compounds mentioned in §1-1. 


4-4 USE OF INORGANIC REAGENTS IN ORGANIC CHEMISTRY 

Much of the difficulty in understanding organic reactions lies in failure 
to understand the nature of inorganic reagents. In this section the reac¬ 
tion tendencies of some of the more common reagents are considered as a 
consequence of their structures. 


A. Acids 


Acids perform several functions in organic chemistry. Sometimes they 
are used as sources of protons, at other times as catalysts due to effects of 
the protons. A third use is as replacing agent in displacements which 
introduce the anion of the acid into organic compounds. 

Acid-base reactions are much the same for organic compounds as for 
inorganic. Strong mineral acids can be used to free weak organic acids 
from their salts or to form salts with organic bases. Sulfuric acid and 
hydrochloric acid are the most widely used mineral acids in organic chem¬ 
istry. 

The catalytic effect of protons is caused by their ability to enhance 
reactivity by changing neutral groups of atoms to positively charged 
groups. An example of the use of an acid catalyst, as well as of the use of 
an acid replacing agent, is the formation of an organic halide from an 
alcohol such as methanol, X. Hydrogen ion transfer activates the alcohol 
by the formation of oxonium ions, XI, which are far more susceptible to 
attack by the replacing agent, a bromide ion from hydrobromic acid. 


(18) 

H 

• • # * 


H H 


H:C:0:H + 

, , • • 

H 

— H: C: 6: H 


H 


H © 


X 


XI 

(19) 

H H 


H 

• Br:' 

• • 

+ H: C 6: H 

00 00 

— 

: Br ■ • • • • C . • 


H © 


H H 


H 

:o:H 


H 

: Br: C: H 

• • 

H 


+ H:0:H 
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B. Bases 

Many different bases are used in organic chemistry. Included, for ex¬ 
ample, are alkali metal hydroxides, carbonates, and bicarbonates. Sodium 
bicarbonate often has the advantage of being a source of high acid- 
neutralizing capacity but operating at relatively low pH. Nitrogenous 
bases, such as ammonia, generally serve as replacement agents. 

Bases are also used extensively to replace easily displaced groups such 
as halogen atoms. Chlorides, for example, form alcohols, XII, and 
amines, XIII, by treatment with appropriate bases. 

H 

:6: H" — h:c’: 6:H + :Cl:“ 

. . • . • • • • 

H 
XII 


(20) H .. 

H:CCl: + 

• • • • 

H 



H H 

H'.CCC + 2H:n:H 
• • • • • • 

H 


H H H© 

h:c’:n:h + H:n:h 
• • • • • • 

H H 

XIII 




C. Other Replacing Agents 

Many salts of weak acids are used to introduce groups into organic 
molecules in place of halogen atoms or sulfate groups. Some of the more 
useful of these are sodium cyanide, sodium sulfide, sodium nitrite, sodium 
salts of organic acids, and the corresponding silver or cuprous salts. Such 
salts act through unshared electrons, in turn displacing other atoms or 
groups with an electron pair. These reactions are sometimes reversible, 
the position of equilibrium depending on mass action, and are sometimes 
substantially irreversible, where the products are much more stable than 
the reactants. 



H 

H:c:ci: + 

• • • • 

H 



H 

• C • 

• • 

• • 

H H 



H 

h:C:C:::n: + :CI:“ 
• • • • 

H 


D. Oxidation and Reduction 

Oxidation is loss of electrons; reduction, gain of electrons. While many 
oxidation-reduction (redox) reactions involve a clear transfer of electrons 
from one atom to another, many, including most organic redox reactions, 
involve no obvious transfer of electrons. 
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Example: 



H:OH + 

• • 

• • 

: 0 : 


H:H 


catalyst 

pressure 


H 

H: C: H 
:6:H 


formaldehyde 


methanol 


In eq. (23) no apparent change of status occurs; each atom has the same 
number of electrons before and after. The change is in the relative electro¬ 
negativities of the attached atoms. For carbon, the change is from a pi 
orbital shared with the more electronegative oxygen atom to a sigma 
orbital shared with the less electronegative hydrogen atom. Thus, the 
carbon atom has gained a larger share of the shared electron pair. The 
hydrogen atoms in the hydrogen molecule have changed from equal shar¬ 
ing to connection with carbon, which is relatively more electronegative, 
and oxygen, also more electronegative. The hydrogen atoms have lost, to 
some extent, their share of electrons. Oxidation in covalent molecules 
consists, in a sense, of a movement of shared electrons away from the 
oxidized atom; reduction, a movement of shared electrons closer to the 
reduced atom. 

This generalization could be pressed to an absurd point; every reaction 
might then conceivably involve redox. To combat this objection, oxida¬ 
tion or reduction is said to occur only when the polarity of the new bond 
is opposite in sign from that of the old bond or one bond exists between 
like atoms and the other between unlike atoms. In eq. (24), for the 
chlorination of methane, such changes are pointed out. 




+ 


H 



bond 

polarity 


u 


reduced 


i 


j 


Two general types of mechanisms are available for oxidation; an ex¬ 
change of more electronegative atoms for less electronegative, (eqs. 24 
and 25), and coordination of oxygen atoms (eq. 26). Coordination in¬ 
volves the acceptance of unshared electron pairs by the added oxygen 
atoms, which contribute none of their own to the bond. The resulting 
coordinate covalent bond places formal ionic charges on the attached 
atoms (somewhat diminished by distortion of the molecular orbital of the 
shared electrons). A coordinate covalent bond thus consists of an ionic 
bond together with a covalent bond, hence was sometimes called a semi¬ 
ionic bond. (For computation of the formal charges sec the next section.) 
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3H:C::0: + 0,0,’- + 8H* - 3H:C:6:H + 2Cr 3+ + 4H 2 0 

• ■ • • • " 

H :0: 

© 

(26) H..H. .... « : 9 : « uXu 

H:CS:OH + H:0:0:H — H:CS :CH + H O H 

H"H H©H 

(1) Balancing Redox Equations. There are two general methods for 
balancing redox equations. One is the oxidation number method. A 
newer method separates the oxidation from the reduction and shows the 
transfer of electrons. It is called the partial ion-clectron method or 
half-cell method. Both methods are essential to a student’s repertoire of 
skills, since neither by itself is effective in solving all problems of balanc¬ 
ing. The student should refer to a general chemistry or analytical chem¬ 
istry textbook (see Supplementary Readings at the end of this chapter) to 
review the general principles in full at this point. Failure to master oxi¬ 
dation-reduction reactions is a severe handicap to a student of organic 
chemistry. Oxidation number is the outgrowth of valence theories of the 
nineteenth century. The concept is retained, however, because of its use¬ 
fulness in balancing oxidation-reduction equations. The oxidation num¬ 
ber of an atom is the algebraic sum of its electronic charge and the polar 
charge values of its covalent bonds. 

The formal electronic charge of an atom is found in principle by adding 
its kernel charge (positive), the number of unshared electrons in its valence 
orbitals (negative), and half the number of electrons shared by the atom 
(negative). It gives the approximate charge on an atom in an assumed 
structural formu'a. 


Examples: 


H 

Carbon atom: 


H: C: H 

Kernel charge 

+ 4 

H 

No unshared electrons 

0 


\ x 8 shared electrons 

-4 


Formal electronic charge 

0 

:n:6:\ 0 

Nitrogen atom: 


: 9 : ) 

Kernel charge 

+ 5 


No unshared electrons 

0 


•i x 8 shared electrons 

-4 


Formal electronic charge 

+ 1 


In practice, the chemist soon learns to recognize the more common 
situations which involve formal charges from a count of the number of 
groups around certain atoms (compare ammonia, NH 3 , and ammonium 
ion, NH 4 + ). 
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The sign of the polarity of a covalent bond is positive on an atom joined 
by the bond to an atom with a higher kernel charge or to one lower in 
atomic number and with the same kernel charge. The sign is negative on 
an atom joined by the bond to an atom with a lower kernel charge or to 
one higher in atomic number and with the same kernel charge. The polar 
charge is zero for a bond which joins the atom to another of the same ele¬ 
ment. The magnitude of the polar charge is the number of electron pairs 
in the bond. Note that the polarity ordinarily gives the sign of electron 
distribution in a molecule, but the numerical value derived is an artificial 
one and is useful only in oxidation-reduction calculations. 

Examples: 

H Carbon atom: 

H:C:H 4 bonds alike: 

• 0 

H Each bond = - I (Kernel charge of 

hydrogen, +1. smaller than that of 
carbon, +4) 

Total covalent bond polarity, 4 x - I = _4 
Each hydrogen atom: 

I bond only: + I 

(This is always true of hydrogen in 
compounds, except when the hydro¬ 
gen is present as a hydride ion, H: '.) 


H Carbon atom: 

• • • • 

H ; C:CI: 3 bonds alike to hydrogen, 3 x -1 = -3 

H 1 bond to chlorine, 1 x + 1 = +1 

Total covalent bond polarities - 2 

Chlorine atom: 

I bond only: _ | 


To find the oxidation number of an atom, its electronic charge and co¬ 
valent bond polarities are added. The oxygen atom is an exception to the 
rule that the atom with the larger kernel charge is always negative in its 
covalent bond polarity. Even when attached to chlorine, bromine, or 
iodine, oxygen is arbitrarily considered negative. 

While ihe concepts of formal electronic charge and of polar charge of a 
covalent bond have a considerable degree of artificiality, they are useful 
(in a limited sense) as measures of electron distribution in a covalent bond. 

or example, in the bond A—B where the atom A has a lower kernel 
C arge than B (i.e„ is less electron-attracting than B), the actual charge 
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distribution usually has the same sign (i.e., A i+ —B 4 ") as that which one 
derives by a consideration of the relative oxidation numbers of A and B. 
This implies that shared electron bonds are not in general equally shared 
between atoms, a concept of considerable importance in all areas of 

chemistry. . 

In many cases it may not be necessary to compute the total oxidation 

numbers of the oxidized and reduced atoms in order to balance a redox 
equation. In eq. (27), for example, most of the bonds to the oxidized 
nitrogen atom are unchanged, hence only the difference in oxidation num¬ 
bers need be determined. This is done by ignoring the unchanged bonds 
and considering only the changes. Thus, the nitrogen atom, which in XIV 

(27) 

+ H—O—O—H 


XIV 

has no formal charge and an unshared electron pair (no covalent bond 
polar charge), has acquired a formal positive charge in XV and a polarity 
of +1 in the coordinate bond to the oxygen atom. The change in oxida¬ 
tion number is thus +2. The oxygen atoms in this example can best be 
handled by determining their full oxidation numbers, — 1 in hydrogen 
peroxide and -2 in XV and in water. 

Some typical organic redox equations follow, balanced by methods 
most applicable to their particular environments. 

Oxidation of 2-pentene by aqueous permanganate solution involves the 

following reagents and products: 

(28) Mn0 4 + CH 3 CH=CHCH 2 CH 3 + H 2 0 — 

(KMn0 4 ) 2-pentene 

OH OH 

1 I 

Mn0 2 + CH 3 CH—CHCH 2 CH 3 + OH' 

2,3-pentanediol (KOH) 

The reagents which undergo changes in oxidation number and their re¬ 
spective products are placed in separate half-cell (partial ion-electron) 
equations by the steps given below. 

Mn0 4 ~ ~* Mn0 2 

Mn0 4 " — MnOj + 2 OH' (Balance O by OH') 



H 


H 


H—C—N—C—H + H—O—H 


W'' f 

h-'T'h 


H 

XV 
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Mn0 4 ~ 

+ 

2 H + 

— MnO : 


(from 

woter) 


Mn0 4 ~ 

+ 

2 H + 

V 

+ 2 OH 

J 




V 



0 

2 H 2 0 

Mn0 4 ~ 

+ 

2 H 2 0 

+ 3e 


Mn0 2 + 2 OH" (Balance H by H + ) 


MnOj + 4 OH" (Avoid confusion that H 3 O* is 

present in alkaline solution) 


MnOj + 


OH 

CH 3 CH=CHCH 2 CH 3 — CH 3 CH—CHCH 2 CH 3 


OH 

I 


4 OH" (Balance electrically \jy.f ). 
_ / • 

/ * 

<* > 

/ 


♦ * 


• 


CH 3 CH=CHCH 2 CH 3 + 2 OH 


OH 

I 

CH 3 CH- 



CH 3 CH=CHCH 2 CH 3 + 2 OH 


- 2e 


OH N v 

I - ‘ ■■ 

CHCH 2 CH 3 (Balance O with OH ; this 
also balances H in this case) 

OH OH 

I I 

CH 3 CH — CHCH 2 CH 3 (Balance electrically) 


The gain of 3e~ per Mn0 4 ~ and loss of 2e~ per pentene molecule must be 
equalized to a lowest common multiple transfer of 6e~ : 

2Mn0 4 ~ + 4 H 2 0 + 6e“ — 2MnOj + 8 OH" 

3CH 3 CH=CHCH 2 CH 3 + 6 OH“ - 6e" — 3 CH 3 CH —CH —CH 2 CH 3 

OH OH 


2Mn0 4 + 4 H 2 0 + 3CH 3 CH=CHCH 2 CH 3 + 6 OH 

sum of reogenls 


2Mn0 2 + 8 OH -r 3CH^CHCHCH 2 CH 3 

OH OH 


sum of products/ 


Cancellation of species which appear on both sides of the equation gives 
the net ionic equation. 

(29) 2 Mn0 4 " + 4 H 2 0 + 3 CH 3 CH=CHCH 2 CH 3 — 

2 Mn0 2 + 2 OH" + 3 CH,CH—CHCH 2 CH 3 

OH OH 

It may be noted that oxidation numbers were not used at all in this 
process; balancing utilized only the available substances and the principles 
of conservation of mass and of conservation of charge. Although hybrid 
methods are often taught, these may well be avoided in organic redox 
reactions, as mixing of oxidation numbers and half-cell equations involves 
the most difficult steps of both methods, and as such hybrid processes are 
likely to lead to confusion. 

The oxidation of 0-methylallyl alcohol to a-methacrolein does not 
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occur in aqueous solution; therefore, the oxidation-number method is 
more germane to this case. 


changeinox.no. ° +2 


partial ox. no. for C H -> — 1 


H 


-1 

partial ox. no. for C O ■ + * 


CHj=C-C—OH + Cr0 3 

11 t, 

CH 3 H ox.no. - +6 


0-methylallyl alcohol 


pyridine 


, CH,=C-0=0 + Cr 2 0, 

CH 3 H ox.no. - +3 


a-methacroUin 


chanotinox.no. - -3ptrCr 


Equalization of gains and losses in oxidation numbers gives: 

pyridine 

3 CH 2 =C—CHj—OH + 2 Cr0 3 -* 

ch 3 

3 CH 2 =C—CH=0 + Cr 2 0 3 

ch 3 

A count of atoms shows that 6H and 30, that is, 3H 2 0, are required as 
products. (No hydrogen or oxygen is produced.) 

pyridine 

(31) 3CH 2 =C—CH 2 OH + 2 Cr0 3 -- 

ch 3 

3 CH 2 =C—CH=0 + Cr 2 0 3 + 3 HjO 

ch 3 

(2) Oxidizing Agents. The free halogens are strong oxidizing agents as a 
consequence of their high kernel charges and their resulting inclinations to 
seize electrons to form negative ions. Activity decreases from fluorine to 
iodine due to diminishing attractions of the larger sized kernels for 
electrons. 

Oxygen and sulfur are less active than the halogens of the same periods. 
Nevertheless, oxygen is surprisingly reactive because its molecules exist in 
the odd-electron, or biradical, state, XVI. These biradicals, XVI, are 
more reactive than molecules in which atoms have inert gas configurations. 


xvi 
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Many other oxidizing agents have strong electron affinities because of 
the crowding of many electron-seeking atoms, especially oxygen, into their 
molecules or ions. Examples are nitric acid, oxy acids of the halogens, 
chromic acid, dichromates, and permanganates. 

Compounds which have oxygen-oxygen bonds, such as hydrogen per¬ 
oxide and metallic peroxides, are also strong oxidizing agents. Often these 
reagents operate through the formation of free radicals, particles with 
unpaired electrons, XVII. 

(32) H:6:o:H — 2(-6:H] 

• ■ • • • • 

XVII 


(3) Reducing Agents. Organic reactions use active metals primarily for 
their ability to reduce oxygen- or halogen-containing groups. 


(33) H:c::n: 6:H + 2 Fe + 4H* 

• • • • 

H 


H H 

H:C: N:H + 2 Fe J+ + H 2 0 

• • • • 

H 


Probably first on the organic chemist’s list of reducing agents is hydro¬ 
gen. Although not very reactive in its molecular state, this gas is dis¬ 
sociated by platinum, palladium, and nickel into very active atoms (see 
eq. 23). 

Other reducing agents of great utility are the borohydrides, XVIII, and 
the aluminohydrides, XIX, which are very powerful reducing agents, al¬ 
though selective in their action. These hydrides are reactive because their 
constituent atoms all are electropositive, hence form more stable bonds 
with electronegative elements. 




- 

H 

M + 


M + 

H: Al: H 


H 


H 


xvm xix 
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QUESTIONS AND PROBLEMS 


1. Define and illustrate the following terms. 

a. atomic orbital f. electrovalence 

b. bond angle g. hybridization of orbitals 

c. bond dissociation energy h. hydrogen bond 

d. bond distance i. molecular orbital 

e. covalence j. polar molecule 

2. Describe a covalent bond in the following terms. Use as examples a single 
bond and a double bond. 

a. in terms of atomic orbitals c. in terms of the energy content 

b. in terms of molecular orbitals of a system of atoms 

3. Tell which of the following pure compounds would be expected to form 
strong hydrogen bonds. Give the reasoning involved. 


a. 


b. 


H 

H:c:d 

• • • • 

H 

H:N:H 

• • 

H 


H 

c. H:c:6 :H 

• • • • 

H 

d. H'C -- O' 

• • 

H 


Write orbital diagrams for methanol, c, and formaldehyde, d. 

4. In the formula below, label the following: 

a. simple covalent bonds d. double bonds 

b. coordinate covalent bonds e. triple bonds 

c. single bonds f. unshared electron pairs 

H 

H:C:::CC: n: :6 : 

• • • • 

H :o: 


•Contains full explanation of balancing equation by half-cell method. 
••Contains full explanation of balancing equations by valence number method. 
•••Contains explanations of balancing equations by both methods. 
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5. Explain why carbon can be expected by virtue of its atomic structure to 
share, not gain or lose, electrons. 

6. Compute the formal electronic charge, covalent bond charge value, and 
oxidation number of each of the atoms below. 

a. phosphorus atom in phosphoric d. carbon atom in chloroform, 

acid CHClj 

b. sulfur atom in sulfur dioxide e. carbon atom in calcium carbide, 

c. sulfur atom in sulfuric acid Ca 2+ C=C 2 ~ 

7. Balance the following equation by the oxidation number method. 

H H 

I I 

CO + Hj —* H—C—C—H + H 2 0 

I I 

H H 

8. Balance the following equation by both methods. 

H 2 C=CH 2 + KMn0 4 + H 2 S0 4 — C0 2 + K 2 S0 4 + MnS0 4 + H 2 0 

9. Draw the AO-MO energy diagram for the C=C bond in acetylene (§4-lG(3)). 


H 




UNIT 



Fundamental Principles 
of Organic Structure 
and Classification 




Constitution of 
Organic Compounds 


5-1. CARBON SKELETONS 


The ability of carbon atoms to bond together in chains, rings, and 
complex forms was cited (§4-3A) as the basis of the vast number of or¬ 
ganic compounds. The nature of the carbon skeleton, that is, the frame¬ 
work of carbon atoms in a molecule, has important consequences not only 
in the identity of a compound and its relationship to other compounds, 
but also in its chemical and physical properties. 


A. The Principle of Homology 

A smooth gradation of chemical and physical properties is found in a 

series of compounds related by graduated differences in carbon chain 

engths. Such a series, members of which have similar chemical functions 

and carbon chains which differ in the number of —CH 2 — (methylene) 

ackbone increments, is called a homologous series. The compounds in 

1 e series are homologs. One important consequence of the principle of 

omology is that knowledge of the properties of a representative member 

0 the series and knowledge of the general way the properties vary in the 

series are sufficient for knowledge of the properties of most members of 
the series. 


Port of a homologous series of hydrocarbons 


H 

H—C—H 

I 

H 

methane 


H H 

i I 

H—C—C—H 

I I 

H H 

ethane 


Part of a homologous series of alcohols 


H 


H—C—OH 

I 

H 

methanol 


H H 

I I 

H—C—C—OH 

I I 

H H 
ethanol 


H H H 

I I I 

H —C —C —C —H 

I I I 

H H H 

propane 


H H H 

l I l 

H —C —c —c —OH 

I I I 

H H H 

1 propanol 


59 


60 CONSTITUTION OF ORGANIC COMPOUNDS 


B. Continuous and Branched Chains 

Carbon atoms may be connected in sequence to form compounds with 
continuous chains, as ethane and propane (above) and normal butane 
(rt-butane). 

H H H H 

I I I I 

H—C—C—C—C—H CH 3 —CH 2 —CH 2 —CH 3 

I I I I 

H H H H 

normal butane, n-butane, or butane 

However, since each carbon atom has a covalence of four, as many as four 
carbon atoms can be attached to another carbon atom to form branched 
chains, such as occur in isobutane, isopentane, and neopentane. 

H H 

I I 

H—C H C—H 

IM/I 

H C H 

I 

H—C—H 

,1 


ch 3 —ch—ch 3 
ch 3 


isobutane, 2-methylpropane 


CH 3 —C—CH 3 

ch 3 

neo pentane 
2,2-dimethylpropane 

The multiplicity of such arrangements affords skeletal isomers or chain 
isomers (§3-2B). 

Compounds which have only hydrogen atoms attached to carbon skele¬ 
tons are called hydrocarbons. If the carbon skeleton is a continuous or 
branched open chain, the hydrocarbon is called a paraffin or alkane. Such 
compounds as methane, ethane, propane, the butanes, and the pentanes 
are alkanes. Alkanes are major constituents in petroleum and natural 
gas. They are widely used as fuels and chemical raw materials. 

A portion of a hydrocarbon molecule formed by removal of one or 
more hydrogen atoms is called a group. A group derived from an alkane 
is an alkyl group. Examples are the methyl group, ethyl group, and 

CH >- CH 3 CH 2 — -CH 2 — 

meJhyl group ethyl group methylene group 


CH 3 —CH—CH 2 —CH 3 

ch 3 

isopentane 

2-methylbutane 
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methylene group. A hydrocarbon group can be represented in general 
by R— (from radical, an alternative name for group). 

Alkyl groups are classified according to the number of carbon atoms 
attached to the incomplete or functional carbon as primary (RCH 2 ), 
secondary (R 2 CH—), and tertiary (R 3 C—). In the preceding formulas. 


R represents component hydrocarbon groups. 


CHjCHjCH,—CH j— 

ch 3 ch—ch 2 — 

CH 3 CH 2 —CH— 


ch 3 

CH, 

n-butyl 

isobutyl 

2 # -butyl (sec-butyl) 

a primary group 

a primary group 

ch 3 

1 

ch 3 —c— 

ch 3 

(-butyl (3*-butyl or (erf-butyl) 
o tertiary group 

a secondary group 


Together with alkanes, all other compounds with open (acyclic or 

ringless) chains are called aliphatic (Gk. aleiphar , fatty). 

The various orientations which can be taken by organic molecules by 
simple twisting about the single bonds are called conformations (§3-2D). 
The ethane molecule is the simplest hydrocarbon molecule which can exist 
in different conformations. Certain idealized conformations are given 
names, as indicated below. 

Sawhorse projections Modified Newman Conventionalized 

projections bond projections 


H 


H 


H 




H 



eclipved conformotion of ethane 



itoggered conformation of ethane 
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The relationships of groups in Newman projections and the modified 
Newman projections used in this text are as follows. 


Newman projection 



Modified Newman projection 





nearer carbon atom with groups a, b, c nearer carbon atom with groups a, b, c 



farther carbon atom with groups x, y, z 



farther carbon atom with groups x, y, z 


A molecule such as butane is conformationally more complex. Con¬ 
sideration of conformations about only the two inner carbon atoms re¬ 
sults in the following idealized descriptions. 


H 


CH 3 

oW 

W N h 

X H 


CH3CH3 



c»$o/d-n-butane 



H 


H 

C«3 j 


H 


CH- 



120’ eclipsed n-butane 
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fronioid-O'butOM 

(onfi-n-butane) 



sfcewn-butane 
(gouc/>e-n-butane) 

Conformations of the external carbon atoms are comparable to those of 
ethane. 

Between these idealized conformations exists an infinite number of 
other conformations. Not all are equally probable. Nonbonded inter¬ 
actions even between hydrogen atoms on adjacent carbon atoms produce 
a potential energy relationship, such as Fig. 5-1 for ethane, in which the 
energy content of the molecule is related to the dihedral angle between 
selected hydrogen atoms, one on each carbon atom. The dihedral angle is 
that observed between bonds, one to the front and one to the rear carbon 









staggered eclipsed staggered eclipsed staggered eclipsed 
Fig. 5-1. Energy Diagram for the Rotation of Ethane. 
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atom, as seen in the Newman projection, looking along the C—C bond. 
In eclipsed ethane, the dihedral angle between nearest hydrogens is 0° (or 
360°), and that between farthest hydrogens is 120° (or 240°). In staggered 
ethane, the dihedral angle between nearest hydrogens is 60° (or 300°), and 
that between farthest hydrogens is 180°. The potential energy diagram 
shows the eclipsed conformation to be least stable, the staggered confor¬ 
mation most stable, with a difference of about 3 kcal./mole. Since three 
hydrogens from one carbon interact with the three on the other, the 
energy difference between staggered and eclipsed conformations in ethane 
for each hydrogen-hydrogen interaction is about 1 kcal./mole. 

The larger the atoms or groups on the adjacent carbons, the larger are 
the nonbonded interactions; thus (Fig. 5-2) skew-n -butane differs from 



(J) A t£> 6 & ck $ 

transoid 120° skew cisoid skew 120° 

eclipsed eclipsed 

Fig. 5-2. Energy Diagram for the Rotation of n-Butane about the Center 
Carbon-Carbon Bond. 

cisoid-n- butane by 5.5 kcal./mole, and transoid-n- butane from 120° 
eclipsed /i-butane by 3.3 kcal./mole. Upon consideration of the H-H 
interactions and the number of CH,-H or CHj-CHj interactions, it can be 
shown that CH 3 -H nonbonded interactions are about 1.2 kcal./mole and 
CH r CHj nonbonded interactions about 3.5 kcal./mole. The slight differ¬ 
ence between skew and transoid conformations, about 0.8 kcal./mole, 
indicates that large groups interact with each other to some extent even at 
a dihedral angle of 60°. 

The energy differences between conformations are not large enough to 
prevent rotation at usual temperatures. The ethane molecule contains as 
its total energy of translation, rotation and vibration 5.4 kcal./mole at 
20°, so that the required energy for rotation is easily available. Similarly, 
rotational energy barriers of other alkanes are readily available from kine- 
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tic and internal energy contents. Thus, separate conformers (or rotamers, 
conformers which differ by simple rotation), skew and transoid , cannot be 
isolated from alkanes under conditions such that the molecules are gas- 
ous or liquid. But rotation is not completely free; the more stable con¬ 
formations are preferred. 

A long carbon chain can assume many conformations. Certain ideal 
ones are found under special conditions. If the adjacent methylene 
groups in a long chain are all transoid , the molecule has a zigzag confor¬ 
mation. This is the usual conformation of crystalline pure normal paraffin 
hydrocarbons and many other continuous-chain organic compounds. On 
the other hand, if an all -skew conformation is assumed, the carbon chain 
takes a helical conformation (Fig. 5-3). 


Fig. 5-3. A Coiled Chain of Atoms. 



C. Multiple Bonds 

Carbon chains can contain double and triple bonds (§4-IG(3)). Com 
Pounds with such bonds are called unsaiuraied . since they readily add 
hydrogen to form saturated compounds. The latter cannot add hydrogen 
without cleavage of C—C bonds. 

Hydrocarbons with double bonds are olefins or alkenes. Since the 
double bond has marked effects on chemical properties, it is considered a 
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functional group. Alkenes are formed industrially by cracking of petro¬ 
leum fractions. In this process, large molecules are broken down to 
smaller molecules (outline 1). 


( 1 ) CH 3 CHjCH 2 CH 2 CH 3 

pentane 


600 - 700 * 


- ch 4 + ch 2 =chch 2 ch 3 

methane 1-butene 

CH3CH3 + CH 2 =CHCH 3 
ethane propene 

CH 3 CH 2 CH 3 + CH 2 =CH 2 

propane ethylene 

+ H 2 


C 5 H 10 

mixture of 
isomeric pentenes 


The triple bond which occurs in acetylenes or alkynes is also a func¬ 
tional group. Only the lowest homolog, acetylene, is commercially very 
important. It can be prepared from elementary carbon, hence is of clas¬ 
sical interest as an intermediate in the total synthesis (i.e., from the ele¬ 
ments) of organic compounds. 


( 2 ) 

(3) 


3 C + 

CaO 

electric ^ ^ 

CaCj 

furnace 

+ CO 

coke 

quicklime 

calcium 

acetylide 


CaC 2 + 

2 H 2 0 

— H—C=C—H + 

acetylene 

Ca(OH) 2 


The difficulty of rotation about a double bond (§4-2B) makes possible 
the separation of geometric isomers such as m-2-butene and trans- 2- 
butene. Such isomers are also called cis-trans isomers. The potential 



cis-2-butene 



frans-2-butene 


energy barrier between these isomers, 62 kcal./mole in the pure cis com¬ 
pounds, larger in the trans, is sufficient to prevent rotation about the 
double bond at a measurable rate below 250°. 

When rotation is promoted by a catalyst, it is found that trans- 2-butene 
is the more stable isomer (by about 1 kcal./mole) due to larger methyl 

group interactions in the cis isomer. The greater stability of trans isomers 
is common, but not universal. 
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When several double bonds occur in a molecule, three types of arrange¬ 
ments are recognized, depending on the relative positions of the double 
bonds. Those with two double bonds at the same carbon atom, such as 


ch 2 =c=ch 2 


allcne 

allene, are called cumulated systems. Those with alternating double and 


CH 2 =CH—ch=CH 2 


1,3-butadiene 

single bonds, such as butadiene, are called conjugated systems. Those with 


CH 2 =CH—CH 2 —CH=CH 2 


1,4-pentodiene 

double bonds separated by two or more single bonds, such as 1,4-penta- 
diene, are called isolated systems. Conjugated systems are characterized 
by possible overlapping of n orbitals across the formal single bonds. 
Such overlapping is impossible in cumulated systems and isolated systems. 

The central carbon atom in a cumulene (cumulated hydrocarbon) has 
sp or digonal hybridization. Thus, the two double bonds are linear. How¬ 
ever, the 7 r orbitals are at right angles to each other on the axis of the 
bonds. This can result in a different kind of geometric isomerism called 
optical isomerism (§31-2). The isomers are nonidentical mirror images of 
each other, or enanliomorphs , like a right hand and a left hand. One pure 


isomer rotates plane-polarized light to the right or clockwise (dextroro- 
tatary), the other to the left or counterclockwise (levorotatory). 
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The butadiene molecule has two preferred conformations, the transoid 
or s-trans (single bond trans ), and the cisoid or s-cis. 



ch 2 h 



H H 



s-trans- 1,3-butadiene 


s-cii-1,3-butadiene 


In both of these conformations, some overlapping of the tt orbitals across 
the C—C single bond can occur. The s-trans conformation is more stable 
than the s-cis by 2.3 kcal./mole, partly due to interaction between two of 
the terminal hydrogen atoms in the s-cis form. 

Triple bonds involve two .sp-hybridized carbon atoms, so that three 
adjacent bonds are linear. 


x—c=c—X x 


Since any rotatable groups at X are too far apart for nonbonding inter¬ 
actions, and since the two ir orbitals screen any interactions that operate 
through the bonding system, complete freedom of rotation occurs at these 
positions. Thus, dimethylacetylene is a linear molecule with no rota¬ 
tional barriers. 

h 3 C—C=C—CH 3 

dimethylacetylene 

2 -butyne 

D. Rings 

When carbon atoms form a closed linkage of atoms, as in cyclohexane, 
they are said to form a ring. Compounds which contain rings are cyclic. 
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hexane (acyclic) cyclohexane (cyclic) 

(No conformational information is intended) 


Cyclic compounds are classified, from chemical considerations, into 
small-, medium-, and large-ring compounds. The exact ring sizes in eac 
category vary with the property under discussion. For the present pur¬ 
pose, the historical classification of three- and four-carbon rings as sma , 
five- and six-carbon rings as medium, and larger rings as large is appro 
priate. 

It should be apparent that 109.5° bond angles between carbon atoms in 
small rings are impossible (Fig. 5-4). The bonding orbitals must be bent 
or distorted, or the bond hybridization must differ from tetrahedral, or 
both. Actually, the best compromise between bent bonds and less favor¬ 
able hybridization than tetrahedral is obtained, with the result that some 
increase in energy content of the molecule can be ascribed to a sma ring. 
For cyclopropane, with 60° bond angles, the “strain energy" is 28 kcal./ 
mole or 9 kcal./Avogadro’s number of bonds. For cyclobutane, wi ^ 
bond angles, the strain energy is 26 kcal./mole or 6.5 kcal./Avogai ro s 
number of bonds. As we shall see, this internal strain or po en 
energy affects chemical properties of small ring compounds. 


CH 2 

/ \ 
CHj—CH 2 

cyclopropane 


CH 2 —CH 2 

I I 

ch 2 -ch 2 

cyclobutane 


The cyclopentane ring, if planar, has ring bond angles of 108 , W 
nearly the tetrahedral angle, so that ring strain should be negligi 
ever, a planar conformation requires an all-eclipse con orm . .. 

hydrogen atoms and other external groups. The minimum no 

interaction in a planar ring involves ten hydrogen-hy r ° gcn I" strain)' 
or about 10 kcal. of eclipsing strain (also called torsiona or 
Actual cyclopentane has only 6.5 kcal. of strain energy, in ica i 



cyclopentane cyclopanfane ring*, some bent 

planar conformations 
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molecule has found a better balance between eclipsing strain and such 
ring strain as is produced by slight bending or puckering of the ring. 
That is, the best conformation for cyclopentane is a slightly puckered ring. 
Such bending is not static, but is considered to move in waves about the 
ring, since the energy barriers between different puckered forms are 


more than 4 kcal./mole. . , 

Rings larger than five-membered would also show ring strain f they 

were planar, as Adolph von Baeyer first thought (1885). Needless l ° S ^’ 
such rings can bend or pucker (Fig. 5-5) even more easily tha " c > °P e "‘ 
tane to produce, in general, essentially strainless rings. onsi 
the conformations and their energies in cyclohexane gives a fairly repre¬ 
sentative, as well as important, illustration of such effects. 



Twist Conformation 



Twist-Intermediate 
Conformation 



, , Chair or Z Conformation 

Boat or C Conformation Intermediate 

Conformation 

Fig. 5-5. Conformations of the Cyclohexane Ring. 


Cyclohexane can exist, a priori, in two conformations. caUed chair and 
boat (Fig. 5-5). The six boat conformations are less sta e 
chair conformations because of eclipsing and ot er non ori e 
interactions absent in the latter. Four eclipsing intcrac ions o 
the parallel sides (“gunwales")- > n addition, the two y rogc 
“flagpole" and “bowsprit" positions, the ones bent toward each other 
the ends of the boat, are quite close together and interact to produce 
about 2 kCal. of strain energy (Fig. 5*6). Thus, t e oa or .. 

6-7 kcal./mole less stable than the chair form. owever, 
strain can be relieved by slightly twisting the boat to orm , 

skew boat conformation (Fig. 5-5). This relieves much of the flagpole- 


o 
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Fig. 5-6. Relative Repulsions between Hydrogen Atoms in 
Boat and Chair Conformations of Cyclohexane. 





Fig. 5-7. Energy Diagram for the Interconversions of Cyclohexane. The wavy 
hne with 1.5 kcal./mole amplitude represents the boat-twist flexing of the ring. 
The twin lOkcal./molc curves represent interconversions between twist and chair 
conformations, with the twist-intermediate form at the crest of the curves One 
pa.r of such curves occurs at each of the six twist conformation troughs. One 
curve of the pair leads to chair cyclohexane in which a particular hydrogen atom 
may be equatonal, the other to that in which the same hydrogen atom is axial. 
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bowsprit” interaction and some of the eclipsing strain, to the extent of 
about 1.5 kcal./mole. Furthermore, the twist conformation leads easily to 
the twist-intermediate conformation (Fig. 5-5) which is intermediate be¬ 
tween the boat and chair conformations. This energy barrier is about 4.5 
kcal. above the twist conformation and about 10 kcal. above the chair 
conformation (Fig. 5-7), so that passage in either direction is easy at 20°. 
However, the preference for the chair conformation over the twist con¬ 
formation at 25° is 1000:1 in cyclohexane itself. Placement of groups 
other than hydrogen atoms on the ring affects the equilibrium point, but, 
in the absence of strong forces to the contrary, the predominant form of 
any cyclohexane ring is the chair form. 

In the chair conformation, the six parallel groups which point up an 
down from the general plane of the ring (a in Fig. 5-8) are called axia 
groups. The six around the periphery of the ring (e in Fig. 5-8) are called 



B 


Rq- 5-8. Interference between Groups in Axial and Equatorial Posi 
tions. (A) Axial and Equatorial Positions. (B) Conformations of I,J-m 
groups (solid balls in preferred positions), (C) Conformations 
trans groups (solid balls in preferred positions). 
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equatorial groups. Large groups adopt equatorial orientations, since in 
these positions strong 1,3 diaxial interactions are avoided. The /-butyl 
group especially avoids the axial position because of strong repulsions 

ch 3 

ch 3 -c- 

ch 3 

l-botyl group 

toward the axial hydrogen atoms. Indeed, two /-butyl groups in appro¬ 
priate positions can cause a cyclohexane ring to remain in the twist con¬ 
formation. Such compounds of fixed conformation have been used as 



chair tram-1,3-di-t-butylcydohexane, 
with one f-butyl group in forbidden oxiol position 


twist trans- 1,3-di-f-butylcyclohexane, 
with both f-butyl groups awoy from interfering 

hydrogen atoms 


models to determine the energy differences previously discussed for the 
forms of cyclohexane. 

The 7 r orbital of a double bond was seen (§5-IC) as one molecular 
feature which restricts rotation and thus makes possible geometric iso¬ 
mers. A closed chain (ring) effects the same result. Some examples of 
cyclic cis-trans isomers are given below. It should be apparent that 



cij-1 ,2-dimethylcycIopropane 


from-l,2-dimethylcyclopropone 



crs-1,4-dimothylcyclohexane 


from-1,4-dimethylcyclohexano 
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m-l,2-dimethylcyclopropane cannot be converted into the irans isomer 
without rupturing the ring or exchanging one hydrogen atom and one 
methyl group, either of which involves high-energy processes in the pure 
hydrocarbon. (At least one C—H or C C bond must be broken.) 
Conformation may obscure the relationships in cyclohexanes and larger 
rings. To avoid a complex discussion, all of the conformations of the 
1,4-dimethylcyclohexanes may be considered to average out to planar 
representations as shown below. The cis and irans isomers are thus seen 
in their essential relationships to each other. 




cis-1,4-dimethylcyclohexane 


irons- 1,4-dimethylcyclohexane 


However, the student should spend some time with molecular models to 
become familiar with the intricacies of the actual conformations. For 
example, in m-l,2-dichlorocyclohexane, one chlorine atom is equatorial, 
one axial. In irans- 1 , 2 -dichlorocyclohexane, both chlorine atoms are 
equatorial in one conformation, no farther apart than the atoms in the 
cis compound. The alternative conformation places both chlorine atoms 
in the irans -axial positions, where they are opposite to each other. 



os-1,2-dichlorocyclohexone 



equatorial irons- 
1, 2 -dichlorocyclohexane 



Cl 



axial iron s- 

1, 2 -dichlorocyclohexane 


Systems with several rings connected in sundry ways are also common. 
The representative systems are those with isolated rings, such as bicyc o- 
hexyl; spiro systems, such as spirononane, in which one carbon atom is 
common to two rings; fused systems, such as the decalms, in which two 
atoms are common to two rings; and bridged systems, such as norbornane, 
in which more than two atoms are common to two rings. 
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spirononane 




ciS’decolin in one of the two 
chair-chair conformations 



norbornane 


In a spiro system, the atom common to the two rings is called a spiro 
atom. In a bridged system, the carbon atoms which connect the rings, 1 
and 4 in norbornane, are called bridgehead atoms. The groups of atoms 
which span between the bridgeheads are bridging groups, or bridges. Posi¬ 
tion 7 in norbornane is a methylene or methano bridge. Positions 2-3 
or 5-6 in the same compound are ethano bridges. 

When all of the atoms in a six-membered ring are trigonal ( sp 1 hybridi¬ 
zation), the ring is planar. Planar polycyclic systems can be built up like 
hexagonal tile mosaics. 

Some simple and complex aromatic systems are benzene, naphthalene, 
anthracene, and coronene. These ring systems are unsaturated; thus 




H 

benzene 


naphthalene 


anthracene 
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coronenc 


formally they have double bonds. However, in these systems a special 

problem occurs regarding the placement and, in ac , structure 

of the double bonds, which is discussed in the c ap 

(§ Hydrocarbons with aromatic rings are called arenes. ^ Jewjsurt as 

benzene and toluene) are found to some extent in cer ai b 

some (benzene and naphthalene) in coal tar, but large quant t.es must be 
manufactured from petroleum fractions by reform,ng. In this process, 
alkanes and cycloalkanes are converted to arenes. 


(4) CH 3 (CH 2 ) 4 CH 3 


Pt + ai 2 o 3 

500* 


C 6 H 6 + 4H 2 


hexane 


benzene 


h7h 


H Ah 


C 6 H 6 + 3 H 2 

500* 


cyclohexane 


benzene 


Cycloalkanes, cycloalkenes, and other compounds CYC |j c \ 

carbocyclic rings are class.fied as alicyclic (contraction of aliphatic cyclic). 

5-2 FUNCTIONAL GROUPS AND CLASSIFICATION OF 

COMPOUNDS 

Those compounds which contain only ^her^toms 

skeletons have been called hydrocarbons. Th P compounds, 

entails different properties, hence a different classi c .. . one 0 r 

These derivatives of hydrocarbons, that is, compoun atom s of 

more hydrogen atoms of the hydrocarbon have been rep 
oxygen" nitrogen, halogens, or any others besides carbon, can be said 
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have two parts. These are the hydrocarbon group and a group made up 
of other kinds of atoms or multiple bonds called the functional group. 
This group functions to control the chemical properties of the compound 
in which it occurs. Thus, in the alcohols, the hydroxy (OH) group is the 
functional group, the remainder of the molecule the hydrocarbon group. 


H 

H H 

1 1 

H—C—C—OH 

H H H 

l 1 1 

H—C—OH 

H—C—C 

1 1 

c —h 
1 

H 

1 1 

H H 

H 

C 

1 

H 

)H 

methanol 

ethanol 

2-propanol 

methyl group + 

ethyl group + 

(isopropyl alcohol) 

hydroxy group 

hydroxy group 

isopropyl group + 
hydroxy group 


As was indicated (§5-1 A), homologs have similar chemical properties. 
This is due to the fact that most of the chemical reactions occur at the 
functional group, not the hydrocarbon group. Those reactions that do in¬ 
volve the hydrocarbon group are usually strongly influenced by the func¬ 
tional group. For many of the chemical reactions of a series of homologs, 
one may ignore the nature of the hydrocarbon groups and concentrate on 
the nature of the functional group. For this purpose, the letter R is used 
to represent the hydrocarbon group. Thus, a generalized formula for 
alcohols is ROH. For some purposes, one must specify the structure in 
greater detail, as will appear in later examples. 

A. Halides 

Replacement of a hydroge» atom in an alkane by a halogen atom forms 
an alkyl halide. This is practicable, as shown in eq. (6). 

(6) CH 4 + Cl 3 —“Z—• CHj—Cl + HCI 

methane methyl 

chloride 

The halogenation shown in eq. (6) tends to continue so as to form poly¬ 
halides to some extent. 

(7) CHjCI + Cl 2 CH 2 CIj + HCI 

methylene 

chloride 



CHCI 3 


(8) CH 2 CI 2 + Cl 2 


chloroform 


+ HCI 
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On a three-carbon chain a chlorine atom can assume either an end 
position or a central position. The isomeric propyl chlorides are thus 

positional isomers. 

ch 3 —ch 2 —ch 2 —Cl CH 3 CHCH 3 

Cl 

n-propyl chloride 

1 -chloropropane isopropyl chloride 

2-chloropropone 

The absence of geometric isomerism in methylene chloride is of histori¬ 
cal interest. If bonds on the carbon atom were planar or pyramidal, two 
isomeric methylene chlorides would exist. In fact, however both paper 
structures of methylene chloride represent a single, unique molecule. is 



hypothetical anti • hypothetical syn- 

roethylene chloride methylene chloride 


two orientations of actual 
tetrohedrol methylene chloride 


is expected when the carbon atom is tetrahedral. Compounds such as 
fluorochlorobromomethane, which have four different groups about a 
carbon atom, exist as enantiomorphs (§5- 1C). 



enantiomorphic triholomethanes 

Such right-handed and left-handed molecules could not exist if they were 
planar. Taken together, the existence of such enantiomorphs, angle 
strain, and several other bits of evidence point unmistakably to tetra¬ 
hedral geometry for carbon atoms with a coordination number of four as 
first proposed by van’t Hoff (Utrecht) and LeBel (Paris) in 1874 (before 

angle strain was known). 

B. Oxy and Oxo Functions and Their Sulfur Analogs 

Examples of compounds with the hydroxy function have been cited 
several times. The alcohols are compounds with one hydroxy group on a 
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nonaromatic carbon atom. All homologs of methanol are alcohols, but 
not all alcohols are homologs of methanol, since unsaturated and cyclic 
hydrocarbon groups may be present. When the hydroxy group is on an 
aromatic ring, strikingly different chemical properties are observed, and 
the compounds are classified as phenols. 

Alcohols Phenols 

CH 3 CH 2 —OH 

ethyl alcohol 

(ethanol) 

ch 2 =ch—ch 2 oh 

allyl alcohol 



benzyl alcohol paro-cresol (p-cresol) 

Alcohols are subclassified according to the type of alkyl group as 
primary, secondary, and tertiary alcohols. 

CH 3 CH 2 CH 2 CH 2 OH ch 3 ch 2 —ch—oh ch 3 

ch 3 ch 3 —c—oh 

ch 3 

n-botyl alcohol 2 # -butyl alcohol f-butyl alcohol 

(primary) (secondary) (tertiary) 

Alcohols with two hydroxy groups are called glycols. 

HO—ch 2 —ch 2 —oh ch 3 —ch—ch 2 —oh ho—ch 2 ch 2 ch 2 —oh 

OH 

glycol propylene glycol trimethylene glycol 

(ethylene glycol) 

Alcohols and phenols are one oxidation step removed from hydro¬ 
carbons, but are not conveniently prepared by direct oxidation of hydro¬ 
carbons. One method of preparation of alcohols involves acid-catalyzed 
addition of water to an olefin. 

(9) CH 2 ~CH 2 + HjO ——- S ° 4 » CH 3 CH 2 OH 

ethylene ethanol 

Methanol is prepared industrially by catalytic reduction of carbon 
monoxide. 


OH OH 



phenol a-naphthol 
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CuCrjOi 

(10) CO + 2H 2 ---- CH 3 OH 

Avery few alcohols (notably ethanol and rt-butyl alcohol) are prepared 
by fermentation processes. One acid, acetic acid, is prepared for food use 
by bacterial oxidation of ethyl alcohol in air. 


(11) c 6 h, 2 o 6 


glucose 


yeast enzyme 
complex 


2 ch 3 ch 2 oh + 2 co 2 

(and assorted by-products) 


02) C 4 H, 2 0 6 

glucose or 
fructose 


bo cteriol enzyme 
complex 


CH 3 CH 2 CH 2 CH 2 OH + co 2 + h 2 o 

n-butyl alcohol 
(and assorted by-products) 


(13) CHjCHjOH + 0 2 


Acefobocfer 

acefi 




ethyl alcohol 


acetic acid 


Phenols are prepared by more complex synthetic steps. Some, such as 
phenol itself and some of the cresols, can be isolated from coal tar. How¬ 
ever, far larger quantities must be manufactured for their widespread 
uses as disinfectants and raw materials for phenolic resins and dyes. 

Alcohols and phenols can be considered as derivatives of water with one 
hydrogen atom replaced by a hydrocarbon group. Replacement of t e 
second hydrogen produces an ether. 


H—o—H 

water 


CHjCHj—O H 


•tkul nlrohol 


CHjCH — O—CHjCHj 


-4k.J 



phenol 



Certain symmetrical aliphatic ethers can be produced by treatment o 
primary alcohols with hot sulfuric acid. Other methods are more suitable 
for most unsymmetrical ethers and ethers derived from alcohols other 
than primary. 


(H) 2 CHjCH 2 OH 


cone. H 2 SO 4 
UO' 


ch 3 ch 2 och 2 ch, + h 2 o 

ethyl ether 


ethanol 
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excess alcohol 
as solvent 

(15) 2CH 3 CH 2 CH—OH + 2 Na - 

CH 3 


2 °-butyl alcohol 

2CH 3 CH 2 CH—O" + 2 Na + + H 2 

I 

ch 3 


sodium 2’-butoxide 


(16) 

CH 3 CH 2 CH—O' + 

I 

CH 3 

2 *-butoxide ion 
(from the sodium salt) 


2 # -butyl alcohol 
solvent 

ch 3 i - 


methyl 

iodide 


CH 3 CHjCH—O—CH 3 + I 
CH 3 


methyl 2 # -butyl 
ether 


Ethyl ether is a widely used anesthetic. 

Two hydroxy groups are not usually stable on the same carbon atom 
(recall carbonic acid). Instead, a dehydrated derivative, which contains 
the carbonyl group, an unsaturated carbon-oxygen group, is the product 
of a second stage of oxidation at one carbon atom. Two classes are 
recognized, H—C—H and RCH=0, called aldehydes, and R—C—R\ 

o o 

called ketones (when both R groups are hydrocarbon groups). Like the 
carbon-carbon double bond, the carbonyl group has a trigonal ir orbital 
so that in an aldehyde or ketone the carbonyl group and the atoms at¬ 
tached directly to it are in the same plane with approximately 120° bond 
angles. 



CH 3 H 

O 


CH^ ^CH 3 


formaldehyde 


acefoldehyde 


acetone 


Several classes of compounds in addition to aldehydes and ketones con¬ 
tain the carbonyl group. Among these are carboxylic acids, which have a 
carboxyl group (carbonyl + hydroxy/), and their derivatives, the 
esters, anhydrides, and acyl halides. Carboxylic acids, esters, and an¬ 
hydrides are acyl derivatives of water. 
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H 

\ 

O—H 

water 


// 

R C \ 

acyl group 



acetic acid 
a carboxylic acid 


• CH,— 


/ 


1 


o— ch 2 ch 3 



ethyl acetate 
an ester 


acetic anhydride 
an acid anhydride 



acetyl chloride 
an acyl halide 


In the carboxyl and related groups, the carbon atom is at its third 
stage of oxidation, the highest stage possible for a carbon atom attached 
to another carbon atom. Aldehydes, ketones, and acids can, in fact, be 
prepared by oxidation of the next lower oxidation state; the method is 
generally poor for aldehydes, however. 


O 7 ) 3CH,CH 2 OH + Cr 2 0 7 a “ + 8H + 


continuous 

distillation 


ethanol 
(b.p. 80*) 


3 CH 3 CH=0 + 2 Cr 3+ + 7H 2 0 


acetaldehyde 
(b.p. 20*) 

08) 

3CHjCH= 0 + Cr 2 0 7 2 ' + 8 H + 


3 CHjCOH + 2 Cr 3+ + 4HjO 

II 

O 


Formic acid is prepared industrially from carbon monoxide, although 
targe quantities are now available as a by-product of pentaerythritol man¬ 
ufacture (§23-1 A). The sodium formate produced in the first step (eq. 19) 
is neutralized by an exactly equivalent amount of sulfuric acid. 


fused so dium hydroxide 
200 # ; 6-10 otm. 


(19) CO + OH“ 


hco 2 ~ 

formate ion 
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(20) HCO," + H+ 


distillation 


HC 


'OH 

formk odd 

An excess of sulfuric acid decomposes formic acid. 

H + 


(21) HCOOH 


CO + H,0 


excess 


An ester can be produced by acid-catalyzed reaction between an alcohol 
and an acid. 

CHjCH, 


( 22 ) 


boilini 


o—CHjC—OH + CH,(CH 2 )»CHCH,OH ^ M "so7 

o 


2,4-dichlorophenoxy 
acetic acid 
(2,4-D) 


2-ethyi-l-hexonol 


ester linkage 


o— CH,—c— o— CH,—CH(CH 2 ) 3 CH 3 + HjO 
O CH,CH 3 


2-ethylhexyl 2,4-dichlorophenoxyocetate 
(a weed killer) 

An acyl halide is prepared from an acid and an inorganic nonmetal 
halide, such as thionyl chloride. 


* 

(23) CH 3 C n 

OH 

ocetic acid 




SOCI* — 

CH 3 C 

Cl 

thionyl 

acetyl 

chloride 

chloride 


+ SOj + HCI 


An anhydride can be prepared from an acyl chloride and the salt of an 
acid. 


(24) 


CHjCHjCHjC 


+ ch 3 ch 2 ch 2 co 2 


CH 3 CH 2 CH 2 C + Cl 

N o 


ch 3 ch 2 ch 2 c 


n-butyryi chloride 


a dry butyrote salt 


n-butyric anhydride 
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Many esters and ketones and some aldehydes are fragrant oils of value 
in perfumery and food flavoring. 

Alcohols, ethers, carboxylic acids, and acid derivatives are parallelled 
by sulfur analogs. These are related to hydrogen sulfide in the same 
manner that the oxygen compounds are related to water. 


H 




s—H 

hydrogen sulfide 


CH3CH2 

S— H 

ethyl mercaptan 
a thio alcohol 

(mercoptan) 


ch 3 qh 2 

s—CH jCHj 

ethyl sulfide 
a thio ether 
(sulfide) 



thioacetic acid 
a thio acid 


s 

CH 3 C 


o 


s— ch 2 ch 3 


ethyl thiolacetate 
a thio ester 


Thio analogs of aldehydes and ketones are uncommon, since these com 
pounds tend to polymerize into linear or cyclic polymers. 


R 

(25) n /C=$ + H 2 s 
H 


HS—C—S 


H 


R 

c—S 

H 


H 


-1 


o linear sulfide polymer 



a 1,3,5-trithiinane 

Some sulfur compounds have no oxygen analogs, due to differences i 
oxidizability of the two‘atoms. Sulfonic acids are an important class ot 
this type. Aromatic sulfonic acids are formed by heatmg su.table hydro- 
carbons with concentrated sulfuric acid. 



b#nzen« 


(cone.) 


bonxonosuUonic 

ocid 
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C. Nitrogeneous Functions 

Ammonia provides the basis for large numbers of important organic 
compounds. Alkyl and aryl derivatives of ammonia are amines. 



ammonia 


methyiamine dimethylamine trimethylamine 

a primary amine a secondary amine a tertiary amine 


As is indicated in the formulas above, ammonia and amines have 
pyrimidal bonds. When the unshared electron pair is included, the bond¬ 
ing and unshared pair orbitals are approximately tetrahedral. 

Acyl derivatives of ammonia are amides and imides. These resemble 
carboxylic acids and acid anhydrides, respectively, in spatial arrangement. 



H 




1 

«N 

X 

U 

-c 

\ 

N—H 

/ 

n 

K) 

I 

O 

// 

o 

l 


acetamide 
an amide 


succinimide 
an imide 


Amines and amides can be prepared by treatment of the appropriate 
halide with ammonia. 


(28) 

(29) 

(30) 


CH 3 CH 2 Br + 
ethyl bromide 


NH 


ethanol 


solvent 


CH 3 CH 2 —NH/ + Br 

ethykimmonium bromide 


CH 3 CH 2 NH/ + NH 3 — CH 3 CH 2 NH 2 + NH/ 

ethylamine 

CH 3 CH 2 NH 2 + CH 3 CH 2 Br — (CH 3 CH 2 ) 2 NH 2 + + Br 

diethylommonium bromide 


The reactions of this series continue with the production of secondary 
amines, tertiary amines, and finally, quaternary ammonium salts (which 
are not related to any amine by simple salt formation). 

(31) (CH 3 CH 2 ) 3 N + CH 3 CH 2 Br — (CH 3 CH 2 ) 4 N + Br“ 

triethylamine tetroethylammonium bromide 


y O 


o 

_ * 


s 

ch 3 c + 

2 NH 3 

— CHj—C 



\ 

Cl 


NH 

acetyl 

aqueous 


chloride 

ammonia 

acatamide 


+ NH/ + Cl 
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Cyclic imides, such as succinimide (above) and phthalimide, are readily 
prepared by treatment of the related anhydrides with ammonia. 




phthalic (cone, 

anhydride aqueous) 


phthalimide 


Imides which do not involve five- or six-membered ring formation are 
prepared with more difficulty. This is an example of the importance ot 
geometry to chemical reactions. 

If a simple amide is dehydrated by a suitable strong reagent, a nitrile, 
which has a carbon-nitrogen triple bond, results. 

(34) 3CH 3 — c* + P 2 O s — 3CH 3 —C=N + 2H 3 P0 4 

NH 2 

acetamide acetonitrile 

An alternative method for preparing a nitrile is displacement of halide 
by cyanide. 

(35) 

• • 

CH 3 CHjCH 2 Br + CN"- so .um or CH 3 CH 2 CH 7 C=N + Br' 

potassium cyanide 

n-propyl bromide n-bufyronitrile 

The carbon atom in the nitrile function, like that in an acetylene, is 
digonal (linear). 

Oxidized nitrogen functions are also common in organic chemistry. Of 
these, the most important is the nitro group, N0 2 . Aromatic nitro com¬ 
pounds are prepared by treatment of suitable hydrocarbons with a “ni¬ 
trating mixture” of concentrated nitric and concentrated sulfuric acids. 



naphthalene a-nitronaphtholene 

Aliphatic nitro compounds can be prepared by displacement reactions 
of alkyl halides. 
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(37) CH 3 CH 2 Br + N0 2 

•thyl bromide 


sodium or 
potassium nitrite 


CH 3 CH 2 N0 2 + Br“ 
nitroethane 


Compounds with several nitro groups are often used as high explosives. 
Examples are 2,4,6-trinitrotoluene (TNT) and trinitrobenzene (TNB). 
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QUESTIONS AND PROBLEMS 

1. Whai is an alkane? Give a synonym and a type structure. Give a synonym 
for aMtene. alkyne. 

2. What does the term alkyl mean? Give an example. 

3. Illustrate the following using structural formulas: 

a. homologs c. positional isomers 

b. carbon-chain isomers d. functional group isomers 

4. Show which of the following formulas represent identical compounds and 
which represent isomers: 


H H 

I I 

CHj—C—C—CH 3 

H H 


H H 

I I 

H—C-C—H 

1 1 

CHj CHj 


H 


H—C 


ch 3 

C—H 


CH, H 


H H 

I I 

CH 3 —C-c—H 

CH 3 H 
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5. Define saturated, unsaturated. Give examples. 

6. What is a ring compound? Give an example. 

7. Name the conformation of each of the following formulas. 
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8. What arc aliphatic hydrocarbons? alicyclic hydrocarbons? 

9. What arc important sources of arcnes? 

10. Deduce the molecular formula of a compound which provides the following 
data. 

Analysis: C, 67.90%; H, 11.2%. A sample of 5.38 g. of the compound occupies 
693 ml. at 0* and 760 mm. The compound gives a positive test for halogen. 
What further information is needed to assign a structure to the compound? 

11. What is a functional derivative of a carboxylic acid? Write structural 

formulas for four types. 

12. Write a structural formula for an actual compound to illustrate each of the 
following: 

a. primary amine d. tertiary amine 

b. primary ammonium salt e. quaternary ammonium salt 

c. secondary amine 

13. Show how the /-butyl group could be used to "lock” a hydroxy group in 
axial or equatorial conformation in a chair-cyclohexane ring. 



Nomenclature 



6-1 TRIVIAL NAMES 

In the infancy of organic chemistry, relatively few organic compounds 
were known. These were often named at the whims of their discoverers, 
sometimes on the basis of a biochemical or chemical source, sometimes 
because of a property, and rarely on the basis of structure. These names, 
which generally involved no attempt at systematization, nevertheless be¬ 
came widely used common or trivial names. 

TABLE 6-1. Examples of Common Names 
Structures Names 

FROM SOURCES 

H 2 N—C—NHj urea (from urine) 

II 

O 



aniline (derived from anil, or indigo, a dye) 


CH3CCH3 acetone (derived from acetic acid) 

O 


CH =0 


H—C—OH 


ho-c-h 


H-C—OH 
H—C—OH 


FROM PROPERTIES 


glucose (from Gk. glykys, sweet) 


ch 2 oh 
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TABLE 6-1. (Continued) 


Structures 

Names 

CH 2 —OH 


CH—OH 

glycerol (also from glykys) 

CH 2 —OH 


H 2 C=CH 2 

olefine (from F. olefiant , oil-forming) 

(now ethylene) 

ch 3 c^ 

OH 

acetic acid (from Lat.: acetum, vinegar, and 

acidum , sour, both from 
acere , to be sharp) 


FROM STRUCTURES 

ch 3 ch 2 ch 2 ch 2 ch 3 

n-pentanc (from Gk. pente, five) 

ch 3 ch 2 i 

ethyl iodide (ethyl group + iodide) 


6-2 EARLY SYSTEMS 

As the science of organic chemistry developed, it was soon apparent 
that the enormous number and variety of organic compounds would be¬ 
come an unmanageable burden to memory unless some relationship be¬ 
tween nomenclature and structure were utilized in a systematic manner. 
Early attempts were often confined to limited classes of compounds, so 
that significantly different systems applied to different types of com¬ 
pounds. 


TABLE 6-2. The Normal Alkanes 


Structure 

Common 

Name 

1UPAC 

Name 

ch< 

Methane 

Methane 

CH j—CH 3 

Ethane 

Ethane 

ch 3 —ch 2 —ch 3 

Propane 

Propane 

CHj—CH 2 —CH 2 —CH 3 

n-Butane 

Butane 

CH 3 —CH 2 —CH 2 —CH 2 —CH 3 

n-Pentane 

Pentane 

CH 3 -CH 2 -CH 2 —ch 2 -ch 2 —ch 3 

n-Hexane 

Hexane 

CH } —CH 2 —CH 2 —CH 2 —CH 2 —CH 2 — CHj 

n-Hcptane 

Heptane 

ch 3 -ch 2 -ch 2 —ch 2 -ch 2 —ch 2 -ch 2 —ch 3 

n-Octane 

Octane 

ch 3 ch 2 ch 2 ch 2 ch 2 ch 2 ch 2 ch 2 ch 3 

n-N^nane 

Nonane 

ch 3 ch 2 ch 2 ch 2 ch 2 ch 2 ch 2 ch 2 ch 2 ch 3 

n-Decane 

Decane 
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Paraffin hydrocarbons were early systematized (beyond the first four, 
which have common names) by the use of numerical roots and the suffix 
-arte. These names, which arc repetitive in the same way as cardinal 
numbers, form the basis of the most modern and most inclusive system, 
developed by the International Union of Pure and Applied Chemistry. 
The importance of these names to the IUPAC system requires the learning 
of Tables 6-2 and 6-3. 



TABLE 6-3. 

System of Naming Higher AHcanes 


Units 

Prefixes 

Tens 

Hundreds 

Full Name 

Number of 
Carbon Atoms 

Un.l 

Dec, 10 


Undecane 

11 

Do, 2 



Dodecane 

12 

Tri, 3 



Tndecane 

13 

Tetra, 4 



Tetradccane 

14 

Penta, 5 



Pentadecanc 

15 

Hcxa, 6 



Hexadecane 

16 

Hepta, 7 


— 

Heptadecane 

17 

Octa, 8 


__ 

Octadecanc 

18 

Nona, 9 


■- 

Nonadecane 

19 

— 

Eicos, 20 


Eicosane 

20 

Un 

Eicos 


Uneicosane 

21 

— 

Triacont, 30 

i i — 

Triacontane 

30 

— 

Tetracont, 40 

— 

Tetracontane 

40 

C A 

— 

Pcntacont, 50 

— 

Pentacontane 

50 

— 

Hexacont, 60 

— 

Hexacontane 

60 

— 

Heptacont, 70 

— 

Heptacontane 

70 

n A 

— 

Octacont, 80 

— 

Octacontane 

80 

— 

Nonacont, 90 

-- 

Nonacontane 

90 

— 

i . 

Cent, 100 

Centane 

100 

Tri 

Pcntacont 

Cent 

Tripcntacontacentane 

153 


Common names of alkanes utilize prefixes to designate certain chain 
types, as normal ( n -) for continuous chains, iso (/-) for chains with a ter¬ 
minal methyl branch, and neo for chains with a terminal dimethyl branch. 

Examples arc in Table 6-4. 

Some other types of systems, fragments of which often appear even in 
current nomenclature, are constitutive names (naming of constituent parts 
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TABLE 6-4. Some Branched Alkanes 


Structure 

Common Names 

IUPAC Name 

CH 3 —CH—CHj 

CH 3 

Isobutane 

2-Methylpropane 

CH 3 —CH—CH 2 —CH 3 

ch 3 

cn 3 

Isopentane 

2-Methylbutane 

ch 3 —c—ch 3 

ch 3 

cn 3 

Neopentane 

2,2-Dimethylpropane 

ch 3 —c—ch 2 —ch 3 

ch 3 

Neohexane 

2,2-DimethyIbutane 

CH 3 —CH—CH—CHj 

ch 3 ch 3 

CHj CHj 

Diisopropyl 

2,3-Dimethylbutane 

CH 3 —C—CH 2 —CH—CH 3 

CHj 

Commercial isooctane 

2,2,4-Trimethylpentane 


of molecules), substitution names (alkyl substitution of a parent com¬ 
pound), additive names (naming of molecules from substances which 
combine to form them), derivative names (naming of one compound 
because of its relationship to another), and generic names (based on 
classes or types). Pure examples are difficult to find, since even con¬ 
stitutive and substitution names tend to be derivative in the sense that 
the constituent parts are often named as derived from other substances 
(e.g., hydrocarbon groups from the related hydrocarbons). Some ex¬ 
amples which are representative of general application in a given class of 
compounds are shown in Table 6-5. 

Besides the naming of the gross features of compounds, the problem of 
allocation of substituents produced many systems. Prefixes, Greek letters, 
and numerals were used, often in several different ways. Again, examples 
which are representative of general application are shown (Table 6-6). 



TABLE 6-5. Examples of Systems for Common Names 


Structures 


CH 3 CH 2 Br 

( 0>~ oh 


Names 

CONSTITUTIVE NAMES 

ethyl bromide 
phenol (phenyl + -ol) 


HC—O—CH 2 CH 3 


O 


ch 3 —C=CH 
CH 3 —NH—CH 3 


H H 


H—C—C—H 


Br Br 


CH 3 —CH 


OH 


NH 


CH 3 CH=0 

CH 3 CNH 2 

II 

o 

CH 3 ch 3 

c 

II 

N—OH 
CH 3 CH 2 OH 

ch 3 ch 2 —o—CH 2 CHj 


ch 3 —c—ch 2 ch 3 

II 

o 




ethyl formate 

SUBSTITUTION NAMES 
methylacetylene 

dimethylamine (amine = ammonia) 
ADDITIVE NAMES 


ethylene bromide 


acetaldehyde ammonia 

DERIVATIVE NAMES 
acetaldehyde (related to acetic acid) 

acetamide 


acetoxime (oxime of acetone) 

GENERIC NAMES 
ethyl alcohol 

ethyl ether 

methyl ethyl ketone 


benzylaminc (amine = class; see also 
substitution names) 
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TABLE 6-6. Positioning Systems 


Positions 


Prefixes 


\ / 
C—C 


Br—CH=CH—Br 
jym-dibromoethylene 


C=C 


/ 


\ 


i 

c 

T 


ch 2 =c 


* 

/ 

\ 


Br 


Br 


—C—C—C— 


iffwym-dibromoethylene 

Br 

I 

CHj—C—CH 3 

Br 

a gem-dibromide 


c—c—c 
T T 


C(i 2 —'CH—Br 
CH —Br 


symmetrical (sym-) 


unsymmctrical ( unsym -) 


geminai {gem-) 


vicinal (vie-) 






o-nitrotoluene 



Cl 

0 

Cl 

p-nitrotoluene 


ortho (o-) 


meta (m-) 


para (/>-) 
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TABLE 6-6. (Continued) 


Greek letter conventions 


(terminal) 

C——C—C—C 

u) b y P 


C—C 

• A 


ch 3 chch 2 co 2 h 

OH 

0-hydroxy-/i-butyric acid 


hoch 2 ch 2 ch 2 co 2 h 


7-hydroxybuiyric acid 
(tu-hydroxybutyric acid) 


H 


H 


V C 


double bond 
at chain end 


H 


H-C-CjC 


H 


double bond 
between second and 
third carbon atoms 


ch 2 =chch 2 ch 3 

a-butylenc 


CH 3 CH=CHCH 3 

0 -butykne 



Numerical conventions 



benzene ring 



naphthalene ring phenan.hrene ring 
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6-3 THE IUPAC SYSTEM 


The growing confusion in the chemical literature which resulted from 
the use of such a variety of common and systematic names (some of them 
incorrect, such as nitroglycerin for glyceryl nitrate, which is not a nitro 
compound) stimulated a group of chemists to convene at Geneva in 1892 
to devise a system of nomenclature that would be consistent, unam¬ 
biguous, and clearly related to structure. A system of verbal structures 
was set up, which was revised and extended in 1930 at the Liege meeting 
of the International Union of Chemistry (now the International Union of 
Pure and Applied Chemistry, or IUPAC). At this meeting a permanent 
nomenclature committee was established to make such further rules as 
should be necessary to the nomenclature of both organic and inorganic 
chemistry. The committee serves two functions: to extend the rules of sys¬ 
tematic nomenclature to new classes or modify existing rules, and to sanc¬ 
tion the usage of the best common or trivial names in keeping with ac¬ 
cepted nomenclature practices. 

The complete rules for the IUPAC system are found only by reference 
to all of the following sources, with the later ones superseding some 
portions of the earlier ones: 

1* ^ Am. Chem. Soc. 55, 3905-25 (1933) or Handbook of Chemistry and 
Physics, Chemical Rubber Publishing Co., Cleveland, Ohio. 

2. Comptes Rendus de la Quinzieme Conference; Commission de No¬ 
menclature de Chimie Organique" (Reprints available from the Ameri¬ 
can Chemical Society). 

3. J. Am. Chem. Soc. 82, 5545-74 (I960) or “IUPAC Nomenclature of 
Organic Chemistry 1957,“ Buttcrworths Scientific Publications (1958). 
The IUPAC rules are easier to apply than to state, so the system is 

developed here largely through the use of examples. 

A compound to be named is divided into the longest continuous chain 
with the main function, called the parent (or fundamental) chain, and all 
of the remaining groups along it, called side chains or substituent groups. 

side chain 

parent chain 


common name: neohexane 


ch 3 —ch 2 —ch4ch 3 


common name: 
tf-methyl- 
n-butyl chloride 


CHjjCI 

halogen 

substituent 



[CH 3 CH CH ~ CH=| =0«—main function [ CH 3 — C_£-]— OH 


Cl ch 2 — ch 3 


common name; 


tf-chloro-a-ethyl butyraldehyde 


O Q/ *—mai 

common name: pyruvic acid 


main function 
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The parent chain is next numbered from one end to the other to 
provide lowest numbers (a) at the main function, (b) at double bonds, 
(c) at triple bonds, or (d) at substituent groups, in this order cf preference. 
Where several groups are involved, lowest numbers means (a) lowest sum 
of numbers, (b) lowest individual numbers, (c) lowest numbers for first- 
named groups, in this order of preference. 


CH 3 

1 12 3 4 

CH 3 —C—CHj—CH 3 
‘ CH 3 

correct 

4 3 2 

CH 3 —CH 2 —CH—CH 3 

CHj—C l 
correct 


4 

ch 3 


ch 3 

I 3 2 
C—CH 2 


1 

CH 3 


1 

ch 3 


ch 3 

incorrect 

2 3 

CHj — CH 


— CH 


CHj—Cl 

4 

incorrect 


4321 
CH 3 —CHj—CH—CH 3 


CHj—C 


4 3 2 1 

CH 3 —CH—CH-CH=0 

I I 

Cl CHj—CH 3 

correct 


incorrect 

Hh 

O O 


correct 


The substituent groups are named in alphabetical order, each preceded 
by the position number of the carbon atom to which it is attac e , an 
numerical prefix (di-, tri-. tetra-, penta-,...) to indicate its mu't.pl.c ty. 
Every group must have a number for each occurrence. e ^ c are . 
lowed by the root of the parent chain, based on the a ane o 
number of carbon atoms (meth-, eth-, prop-, but-, pent-, ex ,.. • a 
suffix or suffixes which designate multiple bonds and t e main un 
Group prefixes and functional suffixes are given in Table 6- . 


CHj 

1 12 3 4 

CH 3 — c—CH j— CH 3 


ch 3 


— 

— di — 

—, methyl -—bu^ — 

— . one , 

POiitiont 

multi¬ 

substit- root 

alkane 

(»pa- 

plicity 

uent 

suffix 

rated by 

prefix 

name 


comma*) 





2,2-dimethylbutone 



4 3 ^ 

CH 3 —CHj-CH-CH 3 

CH, — Cl 
1 


l-chloro- 2 -methylbutane 
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4 3 2 1 

CHj—CH—CH-CH=0 

I I 

Cl ch 2 —ch 3 

3-chloro-2-cthylbu tonql _ 

alkane functional 
suffix suffix 


3 2 1 

CH 3 —C—C—OH 

ii n 

o o 


2-oxopropa noic add 


functional 

suffix 


TABLE 6-7. Substituent Prefixes and Functional Suffixes 


Group 

Suffix 

(when main function) 

Prefix 

(when substituent) 

saturated 

-anc (-an- before functional 


parent 

chain 

suffix with initial vowel) 


\ / 

C=C 

y v 

-ene (-en- before functional 


/ \ 

suffix with initial vowel) 


—c=c— 

-yne (-yn- before functional 
suffix with initial vowel) 


— F 


fluoro 

—Cl 


chloro 

— Br 


bromo 

— I 


iodo 

—no 2 


nitro 

— NO 


nitroso 

—OR 


alkyloxy (Substitute name 
of group R for alkyl, as 
methoxy, ethoxy, prop- 
oxy, butoxy, pentyloxy, 
hexyloxy ... four lowest 
members omit - yl - before 
-oxy) 

—SR 


alkylthio (substitute name 
of group R for alkyl, as 
methylthio) 

—OH 

-ol 

hydroxy 

—SH 

-thiol 

mcrcapto 

O 

z 

1 

o 

1 

nitrite (separate word) 

nitrito 
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TABLE 6-7. (Continued) 


Group 


Suffix 

(when main function) 


Prefix 

(when substituent) 



— o— no 2 

nitrate (separate word) 

nitrato 

—nh 2 

-amine 

amino 

R—NH— 

-amine 

alkylamino (Substitute 

name of group R for 

alkyl) 



r 2 n— 

-amine 

dialkylamino (as above) 

RR'N— 

-amine 

alkylalkyl'amino (as above) 

-NH 3 + , 

-ammonium 


-nrh 2 \. 

—NRj + 

• 


—N=C=0 

isocyanate (separate word) 

isocyanato 

—N=C=S 

isothiocyanate (separate 

isothiocyanato 


word) 


o 

II 

X 

V 

1 

-al (part of parent chain) 

formyl 


-carbaldehyde (not part of 
parent chain) 


=0 

-al (at chain end; see above) 

0X0 


-one (not at chain end) 

0X0 

—COH 

II 

0 

-oic acid (part of parent chain) 
-carboxylic acid (not part of 

carboxy 

parent chain) 


o 

1 

-oate (part of parent chain) 
-carboxylate (not part of 


parent chain) 


C OR 

0 

alkyl (root)oate (see above) 
alkyl (root)carboxylatc (see 
above) 

Name of alkyl group is sepa¬ 
rate word 

alkyloxycarbonyl (Substitute 
name of group R for alkyl, 
as methoxycarbonyl, 


ethoxycarbonyl, pentyl- 

oxycarbonyl.F° ur 

lowest members omit -yl- 


' 

before -oxy-) 

-C-Cf 

-oyl chloride (part of parent 


II 

0 

chain) 

-carbonyl chloride (not part 

chloroformyl 


of parent chain) 
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TABLE 6-7. (Continued) 


Group 

Suffix 

(when main function) 

Prefix 

(when substituent) 

r* 

X 

z 

1 

0=0 

1 

-amide (part of parent chain) 


-carbonamide (not part of 
parent chain) 

carbamoyl 

—C—NHR 

II 

/V-alkylfrootJamide 

W-alkylcarbamoyl (substitute 

!i 

0 


name of group R for alkyl) 

nh 2 


-amidine (part of parent 


NH 

chain) 



-carbonamidine (not part of 
parent chain) 

amidino 

—CsN 

onitrile (part of parent chain) 



-carbonitrile (not part of 
parent chain) 

cyano 

• 

—S0 2 —OH 

-sulfonic acid 

sulfo 

—so 3 - 

-sulfonate 



as substituted groups use prefixes bis, iris, 

tetrakis, pentakis,... instead of di, tri. tetra, penta,... to indicate multi¬ 
plicity. 


CH, 


1 12 
CH 3 —c 


2 

jL ” 3 

H CH 3 —C—CH 3 CH 3 

3 _ k _ ' 




ch 3 ch 3 —c—ch 3 h 


I 3 

<mh, 

CH 3 


ch 3 


3,4-bis (1,1 -dimethyfcthyl)-2,2,5,5-t«tramethylh«Kane 

Ring systems exclusive of any side chains, are considered parent sys¬ 
tems. The Simple ring compounds are numbered in sequence around the 
ing so as to allocate low numbers according to the usual principles. Sub- 

numhr rf 0UPS a ' 0CCUr alone and ccrtain main functions need not be 
numbered, smce these are automatically in the nu'mber one position. 

scribed in TT h J ,Wever * have fixed numbering systems, as de- 
scnbeti in The Rmg Index (Appendix 1-3). The following examples 

demonstrate some of the principles. F 
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1,4-dimethylcyclopentene 
(number from double bond as 1) 



nitrobenzene 

(single substituent is not numbered) 


three 

carbon 

atoms 

between ring 
junction 



four otoms 
between ring 
junction 


2-methylspiro (3.4) octane 

(direction of numbering give* spiro atom lower number) 



2-elhylbicyclo (3.2.1) oclone 

(direction of numbering gives largest bridge lowest numbers, smallest bridge g 

numbers; numbering starts at bridgehead) 



7-hydroxynophthal.ne-l -sulfonic acid 8-hydroxynaphthalen.-2.*ulfonic acid 

(fixed numbering system determining position number; lowest possible ossigned to ma 



amed as a hydroaromatic compouna msieaa - 

all polycyclic hydrooromotic compounds.) 

(Fixed numbering system determines number for substituent lowest po 
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Other examples of IUPAC nomenclature as well as common and 
Chemical Abstracts nomenclatures are given in the nomenclature tables 
after the next section and in Appendix III. 


6-4 CHEMICAL ABSTRACTS NOMENCLATURE 

The official nomenclature of the American Chemical Society as utilized 
in Chemical Abstracts is summarized in the 1945 subject index issue of 
that publication. The IUPAC system is used in large measure. Where the 
two differ, the Chemical Abstracts usage is generally one of the better of 
the earlier systems, or a widely accepted common name. Chemical Ab¬ 
stracts names different from common or IUPAC names are marked CA in 
the tables. 


6-5 NOMENCLATURE TABLES 

It is not intended that the student should memorize all of the names 
in the following tables. He should practice and become familiar with 
the various systems and use these as the means of constructing names. 
However, many common names must be memorized, since they often do 
not belong to systems. Such common names are given frequently under 
their structures throughout the book to aid in this memorization. Ap¬ 
pendix III is arranged in alphabetical order of common names, hence can 
serve as a glossary for frequent reference. 

In the following tables, an asterisk (*) denotes a common name sanc¬ 
tioned by the IUPAC. Nonsystematic common names are in boldface. 


TABLE 6-8. Hydrocarbon Groups 


Common Name 

Structure 

IUPAC Rules Name 

acetal 

CH,CH = 

ethylidene 

acelylenyl 

HC=C— 

ethynyl 

ally!* 

ch 2 =ch-ch 2 - 

2 -propenyl 

amyl 



n- 

CH 3 (CH 2 ) 4 - 

pentyl 

iso- 

(CHj) 2 CHCH 2 CH 2 — 

3 -methylbutyl 

/- 

C Hl 

CHjCH 2 C— 

1 .1-dimethylpropyl 


1 

CH } 
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TABLE 6-8. (Continued) 


Common Name 

Structure 

IUPAC Rules Name 

bcnzal 

benzyl idene^ 


phenylmethylidcne • 

benzyl 

< 0 ^ c „ 2- 

phenylmethyl 


benzylidyne 

€H- 

phenylmethylidyne 

n-butyl 

ch 3 ch 2 ch 2 ch 2 — 

butyl 

•tec-butyl* 

2*‘ also used for sec- 

ch 3 ch 2 ch— 

ch 3 

1-methylpropyl 

rer/-butyl* 

ch 3 

■ 

1,1-dimethylethyl 

t- and 5*. also used 

1 


for ten - 

1 m 

1 X 

u—u 

1 

X 

u 


crotyl 

ch 3 ch=chch 2 — 

2 -butenyl 

(ds or irons) 


(cis or irons) 

ethyl 

CH 3 —CH 2 — 

ethyl 

ethylene 

—ch 2 —ch 2 — 

ethylene 

(ethano in bridges) 


(ethano in bridges) 

isobutyl* 

ch 3 ch—ch 2 

ch 3 

2 -methylpropyl 

isopropyl* 

CHjCH— 

ch 3 

1-methylethyl 

methyl 

ch 3 

methyl 

methylacetylcnyl 

1 

u 

III 

u 

1 

X 

u 

1-propynyl 

0-methylallyl 

ch 2 =c—ch 2 — 

ch 3 

2-methyl-2-propenyl 
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Common Name 
methylene 

(methano in bridges) 

methylidene 

methylene CA 

neopentyl 


TABLE 6-8. (Continued) 
Structure 

—CH 2 — 

ch 2 = 

(CH 3 ) 3 C-CH 2 - 


IUPAC Rules Name 
methylene 

(methano in bridges) 
methylidene 

2 , 2 -dimethylpropyl 

2 -phenylethyl 


phenethyl 



ch 2 —ch 2 — 


phenyl 



orC 6 H s — 


phenyl 


abbreviated Ph- or 0 - 




propargyl 

/t-propyl 

1 , 2 -propylene* 

trimethylene 



hc=c-ch 2 — 

ch 3 ch 2 ch 2 — 

ch 3 -ch- 

I 

ch 2 — 

ch 2 —ch 2 —ch 2 — 


2 -propynyl 

propyl 

1 . 2 - propane 

trimethylene 

1.3- propane 
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Common Name 

tetramethylene 

tolyl* 


TABLE 6-8. (Continued) 


Structure 


-(CH 2 ) 4 - 


ch 3 



IUPAC Rules Name 

tetramethylene 

1,4-butane 

methylphenyl 

2 - 


m- 




trityl 

(fyr- 

triphenylmethyl 

vinyl* 

h 2 c=ch— 

ethenyl 

vinylene 

—CH=CH — 

ethenylene 

vinylidene 

H 2 C=C= 

ethenylidene 

xenyl 

biphenylyl CA 


phenylphenyl 
(2-. 3-, 4-) 


(o-, 


TABLE 6-9. Trivial Roots of Common Names of Acids, Aldehydes, and Their 

Functional Derivatives 


Carbon Atoms 
in Chain 


I. ALIPHATIC SATURATED 
Monocarboxylic 


Dicarboxylic 


1 

2 
3 


form- 

acet- 

propion- 


oxal- 

malon- 
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TABLE 6-9. (Continued) 


Carbon Atoms 
in Chain 

1. 

ALIPHATIC SATURATED 

Monocarboxylic 

Dicarboxylic 

4 


butyr- 

succin- 

5 


valer- 

glutar- 

6 


capro- 

adip- 

7 


enanth- 

pimel- 

8 


capryl- 

suber- 

9 


pelargon- 

azela- 

10 


capr- 

sebac- 

12 


laur- 


14 


myrist- 


16 


palmit- 

(thaps-) 

18 


stear- 


2. 

ALIPHATIC 

UNSATURATED MONOCARBOXYLIC 


Structure 


Root 


CH 2 =CH—C 


/ 


OH 




O 


acryl- (aldehyde: acrolein) 


CH \ / H 

/ C C \ 

H C—«OH 

O 


irons -croton 
(croton-) 


O. 


CH 


a- 

H 


\ 

/ 


C=C 


/ 

\ 


C—OH 


H 


cu-croton- 

(isocroton-) 


CH ’W° 

CHj^ \>H 


methacryl- (aldehyde: methacrolein) 


CH,(CH 2 ) 7 


v / O 

/ c “ c \ I 

H (CH 2 ) 7 C—OH 


elaid 
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TABLE 6-9. (Continued) 


2. ALIPHATIC UNSATURATED MONOCARBOXYLIC 

Structure 


Rool 


CH,(CH 2 ), (CH:),C-OH 

Va=r 

/ s, ° 


ole- (e - long e in 
pronunciation) 


CHj(CH 2 ) ( 


^CH^C-OH 


n = 5: palmitole- 
n = 3: myristole- 
n m 1: laurole- 


CH,(CH 2 ), 


\ / CH \ /«- 
H /C S. H /C Nl 


(CH 2 ),C-OH 


linolc- 


CHjCH 


V / CH \ 

c=c c=c 

W 


/ CH \ 

c=c 

W N H 


(CH 2 ),C-OH 


linolen- 


3. AROMATIC 


Structure of Acid 


Root 


COH 

I 

O 


benzo- 


—OH 



a-naphtho- 


O 

I 

COH 


COH 

I 

o 


phthal- 
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TABLE 6-9. (Continued) 

3. AROMATIC 

Structure of Acid Root 


O 

II 

C-OH 



isophthal- 


terephthal 


homophthal- 


cinnam- 


TABLE 6-10. Examples of Nomenclature in Representative Classes of Compounds 


Structure 

IUPAC Rules Name 

Common Name 

CHjCHCHj 

2-propanol 

isopropyl alcohol 

OH 






0c OH 

1,2-benzenediol 

pyrocatechol (catechol) 

CH 3 (CH 2 )jCH=0 

pcntanal 

n-valcraldehyde 
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TABLE 6-10. (Continued) 


Structure 


IUPAC Rules Name 


Common Name 


CH=0 


benzenecarbaldehyde 


benzaldehyde 


CHjCH 2 CCH 2 CH 3 


3-pentanone 


diethyl ketone 


cyclopentanone 


cyclopentanone 


1.4- dihydro-1.4- 
benzenedione; 

2.5- cyclohcxadiene- 

1,4-dione 


benzoquinone 

quinone CA 


f* 

O 


CHjCH— c —oh 

i.,4 


no 


1 -phenylelhanone 


^-CHjCHjCHj— 


C pentanedioic acid 

\ 

O 


acetophenone 


2 -methylpropanoic acid isobutyric acid 


glutaric acid 


CH, 


__ v OH 

<X 


4 -methylbenzenecarboxylic p-toluic acid 

acid 


CH, 


CHj—C—NH 


CH, 


l, I -dimcthylethylamine 


r-butylamine* 
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TABLE 6-10. (Continued) 

Structure 1UPAC Rules Name Common Name 



1-naphthylamine 


propanamide 


2-naphthalenecarbonamide 


1 -chloro-2,4-dinitrobcnzenc 


a-nap'nthylamine 


propionamide 


d-naphthoamidc 

2-naphthamide CA 


2,4-dinitrochlorobenzenc 



CH 2 =CH—CH 2 —Cl 
Cl 



IUPAC numbering 


3-chloropropene allyl chloride 


5,6;7,8>dibenzo-2,3-dichlorobicyclo[2.2.2]octatriene 



11,12-dichloro-9,10-dihydro-9,10-cthcnoanthracenc CA 


CA numbering 
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SUPPLEMENTARY READING 

Hurd, C. D., “The General Philosophy of Organic Nomenclature," J. Chem. 
Educ ., 38,43-47 (1961). 

QUESTIONS AND PROBLEMS 

1. Write structural formulas for the following compounds and give their 
1UPAC names. 

a. normal pentane h. isohexane 

b. isopentane i . n-heptane 

c. neopentane j . isononane 

d. ethyldimethylmethane k . trimethylisobutylmethane 

e. triethylmethane 1 . 2°-butyl bromide 

f. tetramethylmethane m. isobutyl bromide 

g. sym-diethylethylene n . a-butylene 

2. Give the IUPAC names for the compounds which have the following struc¬ 
tures: 


a. 

CH 3 CH,—CH—CHj—CH 3 

e. 

i Hl 


CH—CHj 
| 


1 

CHj—C=CH—CH j 


CHj 



b. 

CHj—CH—CH—CH j 

f. 

HC=C—CH=CH—CHj 


•CHj CHj 



c. 

CHj—CH,—CHj 

9- 

(CHj)jC C=C CHj 

d. 

CH 3 CH,CH=CHCHj 

h. 

CH,==C—CH,—CH—CHj 


CHj CHj 

3. Write structural formulas for the following compounds. 

a. 2,3-dimethylpenlane d. 3-methyl-2-pentene 

b. 2,2,4-trimethyl-4-ethyl- e. 1,4-hexadiene 

3-isopropylheptanc f. 3-propyl-1,4-pentadiyne 

c. 2,2-dimethyl-6,6-dielhyl-4- g. 1-chloro-l,3-butadiene 

(l-mcthylethyl)octanc h. 3-iodo-3-methylpcntane 

4. Judge whether each of the following IUPAC rules names is correct, and if 
not, write the correct name. 

a. 2-cthylbutane e. 1-bromoethanoicacid 

b. 2,3-dimethylbutane f. 0-bromopcntanal 

c. 2,4,4-trimethylhexane g. dicthylaminobenzenc 

d. 3-dimethylpentane h. benzene-1,3-dicarboxylicacid 
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5. Give the common and IUPAC rules names of the groups which have the 
following formulas. 


a. CH 3 CH 2 — 


b. CH 3 CH 2 CH 2 — 

c. CH 3 —C—ch 3 

ch 3 

I 

d. CH 3 —CH—CH 2 CH 3 

e. CH 3 —CHCH 2 CH 2 CH 2 CH 2 CH 2 — 

ch 3 




k. ch 3 ch 2 ch 2 co— o— 


f. CH 3 (CH 2 ) 6 - 


I. —CHO 


6. Name the exact type of isomerism by which each of the following pairs of 
compounds is related. Write the full IUPAC name of each compound. 


a. 


CH, 

c 

/ 

H 


=C 


/ 


ch 2 ch 3 


\ 


H 


b. 


CH 3 — 


/ 

CH 

\ 


ch 2 


ch 2 


c. H 


CH 


\ / 

c=c 

/ \ 


H 


CH 2 CH 3 


CH, H 

c=c 

H CH 2 CH 3 


CHj—CH 2 

ch 2 —CH 2 
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e. CH 3 
C 

/ 

H 


/ 


ch 2 ch 3 


=c 


\ 


H 


ch 3 ch 2 

c 

/ 

ch 3 


—c 


/ 

* 

9 

\ 


H 


H 


f. 


c 

/ 

H 


CH 3 

CH 

/ 

C 

\ 

H 


—CH 


C \ 3 

C 

/ 

H 


H 

/ 

C 

\ 

CH 

/ 

ch 3 


—CH 



7. Write the structural formula and common name of an example of each of 
the following types of compounds. 

a. a homolog of benzene c. a polynuclear arene with fused 

b. a polynuclear arene with isolated rings 
rings 


8. Write the structural formulas for the following compounds, and point out 
the difference in structure between the compounds in each pair. 

a. ethyl acetate, methyl ethyl ketone e. propionyl chloride, 0-chloro- 

b. methyl n-butyrate, n-butyl form- propionic acid 

ate f • n-butyryl chloride, /i-butyl chlo- 

c. methyl n-valerate, zi-butyl acetate ride 

d. ethanoic anhydride, ethyl ethano- 
ate 

9. Illustrate with formulas the difference in the use of the terms, primary, 

secondary, and tertiary, as applied to classes of amines and as applied in names 
of amines. 

10. Certain odd structures have appealed to the imagination of chemists, who 
have provided the following picturesque trivial names. Construct systematic 
names based on rules given in The Ring Index, Appendix 1-3. 


a. barrelene 


b. cubane 
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d. adamantane 



Fundamental Chemical 
Properties 



7-1 SINGLE BONDS 

Fundamental differences in reaction pathways make reactions at single 
bonds generally differ considerably in rates from reactions at double or 
triple bonds. These pathways, or mechanisms, as they are called, are con¬ 
sidered in later sections, after a sufficient body of factual material has 
been presented to make the implications of mechanism understandable. 
Even for now, however, it is convenient to consider reactions of singly 
bound atoms separately from those of multiply bound atoms. 


A. The Carbon-Carbon Bond 

Of all the bonds in an organic molecule, a strain-free carbon-carbon 
single bond is least likely to be attacked under a wide variety of condi¬ 
tions. This is one factor which makes alkyl groups subordinate to func¬ 
tional groups in characterizing organic reactions. On the other hand, 
conditions under which carbon-carbon bonds can be attacked are neither 
uncommon nor difficult to achieve. Even a sort of musical chairs game, 
called rearrangement , can occur among parts of the carbon skeleton. But 
such reactions of carbon-carbon bonds most often accompany reactions 
at functional groups and usually require more powerful reagents or more 
drastic conditions in alkanes. 

The inertness of the carbon chain is observed in the presence of such 
strong reagents as aqueous potassium permanganate, concentrated sul¬ 
furic acid, and concentrated nitric acid, none of which react appreciably 
with alkanes or medium- and large-ring cycloalkanes at temperatures 
below 50*. 

Severe distortion of bonding orbitals, however, provides internal in¬ 
stability which makes carbon-carbon bond cleavage relatively easy. Thus, 
cyclopropane and cyclobutane rings are readily opened by strong re¬ 
agents. 



CHj-CH, 

ch 2 

cyclopropane 


CCI 4 


+ Brj 


- Br— CH,CH 2 CH 2 — Br 
trimethylene bromide 
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(2) CH 2 —CH 2 Alda 

| j + Br 2 - =-* Br-CH 2 CH 2 CH 2 CH 2 —Br 

CH 2 —ch 2 

cyclobutane tetramethylene bromide 

The reaction illustrated by eq. (1) occurs slowly at 20° in the absence of 
light or catalysts, but rapidly when Lewis acids (electron-pair acceptors) 
are added. The second reaction requires aluminum chloride at 20°, and 
still occurs slowly. Other substances which add to cyclopropane and, less 
readily if at all, to cyclobutane are hydrogen bromide, hydrogen iodide, 
and concentrated sulfuric acid. However, small rings are inert toward 
neutral permanganate solutions and ozone. 

This reactivity, which is in marked contrast to the inertness of alkanes 
or larger-ring cycloalkanes under the same conditions, led Adolph von 
Baeyer to postulate the theory of strain in small rings (1890). Baeyer 
considered the reactivity of small rings to be a consequence of distortion 
of the normally 109.5° bond angles. Modern orbital and thermodynamic 
theories serve to substantiate and add detail to Baeyer’s theory. 

The bonds between ring carbon atoms are connected by a MO’s arising 
from overlap of p AO’s, normally at 90° to each other (§4-IF), or of hy¬ 
brid AO’s with more or less s character up to sp\ normally at 109.5° to 
each other. The p AO’s have better angular properties, but are poorer in 
lateral direction for a MO’s in small rings. The sp } AO’s have poorer 
angles, but are better in lateral density concentration for overlap to form 
small-ring a MO's. A hybrid orbital with less s character than sp } pro¬ 
vides the best balance between the two factors (Fig. 7-1). The result, illus¬ 
trated for cyclopropane in Fig. 7-1, gives bent a orbitals in the ring with 
less stabilization by AO overlap than normal 5/? 3 -derived orbitals at 
109.5°. The lower stabilization results in the internal potential energy or 
strain energy which is measured, for example, in a higher heat of com¬ 
bustion for cyclopropane than for the CH 2 —CH 2 —CH 2 portion of 
pentane. 

B. Bonds to Hydrogen 

(1) Acidity. In inorganic chemistry the hydrogen atom is frequently the 
hallmark of an acid. Indeed, it is true that any hydrogen-containing 
molecule or ion (even hydroxide ion!) may function as a proton-donor 
(Bronsted acid) under suitable conditions. But in practical experience, 
only compounds which are comparable to or better than water in proton- 
donating ability are classified as acidic. These are compounds in which 
hydrogen is attached to sixth or seventh period elements. A scale of 
acidity for X—H bonds is in the order X = F > OR > NR 2 >CR 3 and 
X = Cl > SR > PR 2 > SiRj when R represents hydrogen or hydrocar¬ 
bon groups, or includes not more than one acyl group. In a periodic 
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Fig. 7-1. Bond Hybridization in Cyclopropane. (A) Ring orbitals p only (no 
hybridization), outer orbitals £s, \p, (B) both ring and outer orbitals normal 
(}s, \p), (C) less hybridization than normal: halfway between A and B, (D) re¬ 
sultant molecular orbitals, with bent ring orbitals. 


group, acidity increases with increasing period number; HX = HI > 
HBr > HCI > HF. 

Most hydrocarbons show no measurable acidity in terms of reactions 
with common strong bases (e.g., sodium hydroxide), active metals (e.g., 
potassium), or protolytic solvents (e.g., water). That is, most hydrocar¬ 
bons do not form salts with metals or metal hydroxides and do not prov ide 
hydronium ions in water. 

However, 1-alkynes do form metal salts because of the slight acidity 
characteristic of a carbon-hydrogen sp bond. (Compare hydrocyanic 
acid, H—C=N.) 


(3) H—C=C — R + Cu(NH 3 ) 2 * 


Cu — C = C — R(s) + NH/ 


NH 


diommine- 
copper (I) ion 


a cuprous alkyl- 
acetylide (brown) 



H— C = C — H + 

acetylene 

Ag —C = C —Ag(s) 
silver ocetylide (gray) 


2 Ag(NHj)/ - 

diammino- 
silver ion 

+ 2NH/ + 2 NH 3 

liquid NH 3 

- 2R —C^CNa + Hj(g) 


(5) 2 R—C=C — H + 2 Na 


solution 
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Primary and secondary amines are acidic enough to react sluggishly 
with some active metals, but not with common strong bases. 

Fe 3+ 

(6) 2 R—NH 2 + 2 Na ---* 2RNH" + 2Na + + H 2 


Alcohols react more vigorously toward active metals and equilibrate 
with sodium hydroxide. The latter reaction, however, is generally far 
from complete, and cannot be used to dissolve a water-insoluble alcohol 
by salt formation. 

(7) 2 CH 3 CH 2 OH + 2 Na -* 2CH 3 CH 2 0~ + 2Na + + H 2 

ethanol sodium ethoxide 

(dissolves in 
excess etharvol) 


(8) CH 3 (CH 2 ) 8 CH 2 OH + OH’ — CH 3 (CH 2 ) 8 CH 2 0" + H 2 0 


n-decyl alcohol 
(water insoluble) 


negligible 

n-decyloxide 


(2) Substitution. Substitution occurs readily at C—H and N—H bonds. 
In this reaction, electropositive hydrogen is displaced by an electronega¬ 
tive atom or group, especially halogen. (The term substitution has, since 
about 1930, been used also as a term equivalent to displacement, regard¬ 
less of the nature of the groups involved.) The substitution in alkanes and 
unstrained cycloalkanes requires light or heat to promote reaction. Even 
then, the reaction is slow by comparison with the reactions of halogens 
with small-ring compounds and especially with utisaturated compounds 
(§7-2A). Bromine can be used to distinguish these three kinds of hydro¬ 
carbons by the rate and conditions under which it is decolorized. In the 
dark, alkanes and stable cycloalkanes fail to react at usual laboratory 
temperatures. 

Light of short wavelengths promotes slow decolorization of the red 
bromine in alkanes. 


(9) CH 3 CH 2 CH 2 CH 2 CH 3 + Br 2 

light 

C 9 H n Br + 

HBr 

pentane (deep 


mixture of 

(fuming 

red) 


bromopentanes 

(colorless) 

9«) 



Br 



+ HBr 


Substitution can be demonstrated if the product hydrogen halide is 
evolved from an inert solvent such as carbon tetrachloride and held in the 
reaction vessel until concentration sufficient to form fumes has built up. 
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Lack of fumes in moist air may indicate an addition reaction or failure to 
observe hydrogen bromide in a substitution. 

Nitrogen atoms can also be substituted, often more easily than carbon 
atoms in the same compound. 


(1!) CH 3 —SO,—NH, + Cl, 


p-toluen#wHonamid* 


ch> — s °,~ nhci + hci 
NI of o-p- td uer**su If o n a m i d# 




sodium 

hydroxide 



"chloramine-T" 
(sodium soh) 
(disinfectant) 


+ 



(3) Combustion. Hydrocarbons and their derivatives which still contain 
hydrogen are active reducing agents when hot (temperatures above 500*). 
Alkanes can react explosively with oxygen and chlorine. A significant 
portion of the power that runs industrial machinery, and most of that 
which runs the present transportation system, are supplied by combustion 
of petroleum fractions, in large part alkanes. Volatile organic compounds 
present a fire and explosion hazard wherever they are handled. Adequate 
precautions in ventilation, trapping of systems, and avoidance of flames 
or hot wires in the vicinity of open vessels of organic compounds are 
necessary for personal and property protection. 

Complete combustion of organic compounds gives carbon dioxide and 
water, along with oxides of other oxidizable elements. Nitrogen may 
form oxides or the gaseous element. Halogens often appear in carbonyl 
halides, such as phosgene, which is a poison, hence may add to the hazard 
of fire fighting. Incomplete combustion may also produce a variety of 
toxic substances, such as carbon monoxide. 


Cl Cl 

x c x 

II 

o 

phosgene 

Highly halogenated compounds are, in general, noncombustible, al¬ 
though they can be decomposed in flames supported by combustible 
materials. Use of carbon tetrachloride as a fire extinguisher has been dis¬ 
couraged by fire marshals for this reason. 
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(13) CC1 4 + 

carbon 

tetrachloride 


• h 2 o 

(from combustible 
material) 


flame 


COCI 2 + 2 HCI 

phosgene 


C. Unshared Electron Pairs 

Any compound with an atom that has an unshared pair of electrons is 
a potential proton acceptor (Br^nsted base) and may, under suitable 
conditions, form a bond to a hydrogen ion (proton). Again, as with the 
counterpart acids, compounds vary widely in their ability to function. 
Basicity in the series of compounds R„X varies in the order X = N > 
0>F, X = P>S>C1 when R is hydrogen or an alkyl 
group. Basicity decreases down a periodic group with increasing period 
number; X = O > S > Se. A negative charge greatly increases 
basicity; :OH' is much stronger than H 2 0, for example. 

In practice, halides are not considered to be basic (even halide ions 
react only with strong acids, for example, H>S0 4 ). Alcohols and ethers 
are weak bases which can be dissolved in strong acids (such as concen¬ 
trated sulfuric acid) by salt formation even when they are insoluble in 
water. 

o* 

(14) CH 3 (CH 2 ) 3 0(CH 2 ) 3 CH 3 + HjS0 4 -* 

n-butyl ether (cone.) 

(insoluble in woter) 

H 

CH 3 (CH 2 ) 3 0(CH 2 ) 3 CH 3 + HSCV 
© 

di-n-butyloxonium acid sulfate (soluble in H 2 50 4 ) 


(15) 

20 * © 

CH 3 (CHj) 3 OH + HI-- CH 3 (CH 2 ) 3 OH 2 + I 

1 -butanol (cone.) n-butyloxonium iodide 

An insoluble ether can be recovered from cold sulfuric acid solution by 
dilution of the acid with water. 


20° further 

products 


H 



CH 3 (CH 2 ) 3 0(CH 2 ) 3 CH3 

® 

conjugote acid of 
n-butyl ether 


+ 


h 2 o 

conjugote 
base of 
hydronium 
ion 


HjO* + (C 4 H 9 ) 2 Q 


conjugate 
acid of 
water 


conjugate base 
of di-n-butyl- 
oxonium ion 


In Br^nsted nomenclature, the acid and base related by transfer of one 
proton are conjugate to each other, as indicated in eq. (16). 
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Most amines are basic enough to react with dilute acid solutions; 
amines are, therefore, considered a basic class of compounds. However, 
notable exceptions occur (§7-3A(3)). Alkylamines are slightly stronger 
bases than ammonia. In general, amines dissolve by salt formation in 
water and are recoverable by treatment of the salt solutions with a 
stronger base, such as sodium hydroxide. 


07) 



+ H a O + 



cyclopentylamine 


cyclopentylammonium ion 


h 2 o 



© 

NH 3 + OH 



conjugate acid conjugate base 
to cyclopentylamine to water 


conjugate bate 
to cyclopentyl¬ 
ammonium ion 


+ h 2 o 

conjugate 
acid to 

hydroxide ion 


Unshared electron pairs may react with electron seekers ( electrophiles ) 
other than protons. In the general role of electron donors, unshared 
electron pair-containing molecules are called nucleophiles. Electrophiles 
other than protons may have different orders of reactivities toward 
nucleophiles. A case in point is the marked contrast between relative re¬ 
activities of ethers and sulfides toward protons and toward such electro¬ 
philes as heavy metal ions or alkyl halides. 



ch 3 ch 2 ch 2 och 2 ch 2 ch 3 + h 2 so 4 


n-propyl ether (week base) 


(cone.) 


reaction goes 
to completion 


H 


CH 3 CH 2 CH 2 OCH 2 CH 2 CH 3 4- hso 4 

© 

di-n-propyloxonium bisulfate 


(20) ch 3 ch 2 ch 2 sch 2 ch 2 ch 3 + h 2 so 4 

n-propyl sulfide 
very weak base 

H 


CH 3 CH 2 CH 2 $CH 2 CH 2 CH 3 + hso 4 ‘ 
© 

di-n-propylsulfonium bisulfate 


reaction does not 
go to completion 


CH 3 CH 2 CH 2 OCH 2 CH 2 CH 3 + Hg 2 * (or CH 3 1) — no reaction 

very weak nucleophile 
toward large electrophiles 
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(21) CH 3 CH 2 CH 2 SCH 2 CH 2 CH 3 + Hg 2+ 


moderate nucleophile 


© 

CH 3 CH 2 CH 2 SCH 2 CH 2 CH 3 



n-propyl sulfide mercuric 
complex may precipitate 


CH 3 

(22) CH 3 CH 2 CH 2 SCH 2 CH 2 CH 3 + CH 3 I — CH 3 CH 2 CH 2 SCH 2 CH 2 CH 3 + I 

w 

di-n-propylmethylsulfonium iodide 


The nucleophilic character of divalent sulfur is amply demonstrated in 
mercaptans (the name is a contraction of mercurium captans, taking 
mercury). These compounds precipitate heavy metal ions in much the 
same manner that hydrogen sulfide does. 

(23) 

2CH 3 CH 2 CH 2 CH 2 CH 2 SH + Hg 2+ — (CH 3 CH 2 CH 2 CH 2 CH 2 S) 2 Hg + 2 H* 

n-omyl mercopton similorly Pb 2 + , mercuric n-omyl mercaptide 

Cu 2+ , and Ag + 

D. Carbon-Halogen, Carbon-Oxygen, and Carbon-Nitrogen Bonds 

A common type of reaction involving a carbon-heteroatom bond 
(heteroatom = atom other than carbon) is a displacement. Either of two 
factors is important in such displacements: the polarity of the bond, or 
the ease with which the bond breaks to form ions. Whereas groups on the 
carbon atom may influence these factors in opposite directions, the nature 
of the heteroatom generally has the same effect on polarity and ease of 
ionization of the compound. Both are increased by increasing electro¬ 
negativity differences between the carbon atom and the heteroatom. Con¬ 
sequently, the ease of displacements increases in the order C N < 
C—O < C—X in which X is a halogen other than fluorine. Fluorine 
is anomalous in saturated compounds because its strong binding energy to 
carbon offsets the polarity effect. When bond-breaking is less influential 
in the pathway of the reaction than bond-making, fluorine, like other 
halogens, is a readily displaceable group. 

It follows, then, that uncatalyzed displacements of R—Cl, R — Br, and 
R — I generally occur readily; those of ROH and ROR are difficult, if 
they occur at all, and those of RNH 2 and similar species are almost never 
seen. 

Any basic anion or basic molecule serves to displace the heavier halo¬ 
gens. See also §5-2A, eq. (16). 

(24) CH 3 CH 2 CH 2 CHjBr + OH* — CH 3 CH 2 CH 2 CH 2 OH + Br" 

n-butyl bromide 


1 -butanol 
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(25) 

CH 3 CH,Br + 

CN" — 

CH 3 CH 2 CN + Br" 


ethyl bromide 


propionitrile 

(26) 

CH 3 CHCH 3 + 

HjO — 

ch 3 chch 3 + 


Cl 


HOH 


itopropyl 

chloride 

tteam 

conjugate acid of 
2-propanol; equilibrates 
proton with water. 


Cl 


(27) 



Br 


NH 



NM, Br 

@ 


bromocydope nta ne 


cydopenfylammonium bromide 

Alcohols and ethers fail to react under these conditions. 

The electronegativity difference between carbon and a heteroatom is 
greatly increased when the heteroatom is protonated. Thus, t e conjuga e 
acids of alcohols and ethers readily undergo displacements However i 
the displacing nucleophiles are not to nullify the efTed of acid catalysis y 
reacting with protons from the catalytic acid or the oxon.um ions, they 
must be very weak bases. Eqs. (28) through (33) illustrate some practi¬ 
cable and some impracticable displacements. 

H 


(28) CHjCH—O—CH 2 CH 3 + 

CH 3 

ethyl itopropyl ether 
CHjCH—I + CH 3 CH 2 OH 


HI — 


CHjCH—g—CHjCHj + I 


CH 


CH 3 

isopropyl 

iodide 


ethanol 
(not isolated) 


© 

(29) CH 3 CH 2 OH + HI — CH 3 CH 2 OH 2 + 


© 


(30) CH 3 CH 2 OH + HCN 
ethanol 


CH 3 CH 2 I 

ethyl iodide 


+ h 2 o 


(31) CH 3 CH 2 OH 2 + 

from ethanol 
+ hydrogen cyanide 

(32) CN‘ + 

from sodium 
cyanide 


CN 


- CH 3 CH 2 OH 2 + CN 

negligible concentration 

- — CHjCH 2 OH + HCN 


from sodium 
cyanide 

H + 

from acid 
catalyst 


ond no 

displacement occurs 


HCN 


not a displacing 
ogent 
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0 

(33) CH 3 CHCH 2 CH 2 —OH + H 2 S0 4 — CH 3 CHCH 2 CH 2 OH 2 + HS0 4 " ' — 

ch 3 ch 3 

isoamyl alcohol (cone.) isoamyloxonium bisulfate 

ch 3 chch 2 ch 2 —o— so 3 h + h 2 o 

ch 3 

isoamyl acid sulfate 


Even acid catalysis is insufficient to promote displacements involving 
cleavage of a carbon-nitrogen bond. Higher temperatures are required, 
under which circumstances ammonium salts often decompose into the re¬ 
lated amines and acids before displacement can occur. 


(34) CH 3 NH 3 + r 


methylammonium iodide 


A 

- CH 3 NH 2 (g) + Hl(g) 
methylamine 


However, quaternary ammonium salts have no nitrogen-hydrogen bond 
to provide such an acid-base cleavage, and displacement becomes the sole 


(35) 

© A 

CH 3 CH 2 CH 2 CH 2 — N(CH 3 ) 3 + r -► CH 3 CH 2 CH 2 CH 2 N(CH 3 ) 2 + ch 3 i 

n - bu ty It ri methylammonium iodide n-butyldimethylamine methyl 

iodide 


alternative. Displacement of rt-butyldimethylammonio group by iodide is 
an example of a general reaction. Displacement of a trimethylammonio 
group by hydroxide ion is not practicable in higher tetraalkylammonium 
hydroxides as a different reaction then occurs (see eq. 43). 

(36) (CH 3 ) 4 N + + OH — (CH 3 ) 3 N + CH 3 OH 

tetromethylammonium trimethylamine methanol 

hydroxide 


The high polarity of carbon-halogen bonds is responsible for another 
kind of displacement reaction which involves an active metal. Corre¬ 
sponding reactions of ethers and tertiary amines do not occur except 
under the most extreme conditions: it may be recalled that alcohols and, 
to some extent, primary and secondary amines undergo hydrogen dis¬ 
placement with active metals (§7-1 A( I)). Alkyl halides and mixtures of 
alkyl and aryl halides react with sodium or potassium to form, among 
various by-products, hydrocarbons from the combined groups. 

(37) 2 CH 3 CH 2 CH 2 CH 2 Br + 2 No - CH 3 CH 2 CH 2 CH 2 CH 2 CH 2 CH 2 CH 3 + 

n-butyl bromide 

2 No f + 2 Br' 


n-octone 
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CH 3 CH,Br 

ethyl 

bromide 



chlorobenzene 


2 No —* 


CH 3 CH 2 —+ 2 Na* + Br‘ + Cl" 

ethylbenzene 

Although this reaction, called the Wurtz reaction, now has limited 
utility, it served at one time for the preparation of symmetrically sub¬ 
stituted even alkanes and for structural confirmation of such alkanes. 

Active metals form organometallic compounds, in which a metal atom 
is covalently bound to a carbon atom. The Grignard reaction , eq. (39), is 
most useful and quite general. Both alkyl and aryl halides give good 
yields of product under suitable conditions. The reaction is discussed in 
more detail in §19-2A. 

(39) CH 3 CH 2 CH 2 Br + Mg d T —— f — CH 3 CH 2 CH 2 — Mg — Br 

n-propyl bromide n-propylmognesium bromide 

Another common reaction involving carbon-heteroatom bonds is elim¬ 
ination. This reaction often competes with displacement, and is favored 
generally by more drastic conditions (higher temperatures, more basic 
reagents). Secondary and tertiary compounds are especially susceptible 
to elimination. 

Displacement: 

H SO 

(40) 2 CH 3 CH 2 CH 2 OH -ch 3 ch 2 ch 2 och 2 ch 2 ch 2 + h 2 o 

I-propanol n-propyl ether 

Elimination: 


(41) CH 3 CH 2 CH 2 OH 


h 2 so 4 

170‘ 


CH 3 CH=CH 2 + HjO 


propylene 


H SO 

(42) (CH^CHOH -CH 3 CH=CH 2 + H 2 0 

2-propanol 

General for all quaternary ammonium hydroxides with higher alky! groups: 

( 43 ) (CH 3 ) 3 NCH 2 CH 3 + OH — (CH 3 ) 3 N + ch 2 =ch 2 + HjO 

ethyllrimethylammonium hydroxide trimethyl- ethylene 


amine 
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SUPPLEMENTARY READINGS 

Herz, W., The Shape of Carbon Compounds., Benjamin, New York, 1963, Chap¬ 
ter V. 

VanderWerf, C. A., Acids, Based and the Chemistry of the Covalent Bond , Rein¬ 
hold, New York, 1961, Chapters 1 and 2. 


QUESTIONS AND PROBLEMS 

1. Write equations for those of the following implied reactions which occur, 
including conditions. If the compounds do not react under mild conditions, 
write NR. 

a. CH 3 —CH 3 + — CH 3 CH 2 CI + 

b. CH 4 + HCI — 

CH 3 ch 3 

C. “f" BTj * 

ch 3 x ch 3 

2. What is a strained ring? Why are large rings not strained? What does ring 
strain show about the valence bonds on a carbon atom? 

3. Can cycloalkanes with five or more atoms in the ring be distmguished 
chemically from alkanes? Why? 

4. Write equations for any reactions that occur in the following mixtures of 
substances under moderate*conditions. Use structural formulas. Indicate essen¬ 
tial special conditions. If no reaction occurs, write the formulas of the reagents 
and NR. 


a . 1,2,3-trimethylcyclopropane +• 
bromine in carbon tetrachloride 

b. 1,3-dimethylcyclobutane + bro¬ 
mine in carbon tetrachloride 

c . cyclopentane + bromine in car¬ 
bon tetrachloride 

d . 1,2,3-trimethylcyclopropane + 
hydrogen iodide 

c. fran5-l,2-dimethylcyclohexane 
+ hydrogen iodide 

f . ethyl bromide + sodium sulfide 
g . methyl iodide + water 
h . isobutyl chloride + sodium cy¬ 
anide 


i . 2*-butyl chloride + ammonia 
j . ethyl alcohol + hydrochloric 
acid 

k . methyl alcohol + sodium hy¬ 
droxide 

I . diethylcarbinol + sodium 
m. sodium ethoxide + 5ec-butyl 
bromide 

n . n-butylamine + ammonia 
o . diethylammonium chloride + 
dilute sodium hydroxide 
p . tetramethylammonium bisulfate 
+ dilute barium hydroxide 


5. Each compound to be prepared, a-n, can be made in one step from the 
suggested starting material and inorganic reagents. Write equations for the re¬ 
quired reactions, including necessary special conditions. Use structural formulas 
for organic compounds. 
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a . methyl chloride from methane 

b . ethyl chloride from an alkane 

c . bromocyclohexane from cyclo¬ 
hexane 

d . n-propyl alcohol from n-propyl 
bromide 

e . isoamyl cyanide from a suitable 
halide 

f . potassium /-butoxide from /-bu¬ 
tyl alcohol 

g . n-amyl bromide from the suit¬ 
able alcohol 

h . /-butyl chloride from the suitable 
alcohol 

6. Why is the industrial method of 


i . n-propyl ether from the suitable 
alcohol 

j . n-amyl mercaptan from the suit¬ 
able bromide 

k . isoamyl sulfide from the suitable 
bromide 

1 . triethylamine from ethyl bro¬ 
mide 

m. trimethylammonium iodide 
from trimethylamine 

n . tetraethylammonium bromide 
from a tertiary amine and an al¬ 
kyl halide 


preparation of monohalogenated alkanes 

not generally suitable for laboratory syntheses? 

7. In what sense arc alcohols bases? Is it correct to call the reaction between an 
alcohol and hydrochloric acid to form an alkyl chloride and water neutralization? 
Explain your answer. 


7-2 MULTIPLE BONDS 

The 7 r orbitals of multiple bonds are less stable than the a orbitals of the 
same bonds. As a consequence, r orbitals are more easily polarized than 
<r orbitals between the same atoms, and tt orbitals involve smaller energy 
requirements in their reaction pathways than a orbitals between the same 
atoms. These factors contribute to much greater reactivity in double or 
triple bonds than in single bonds between comparable groups. This re¬ 
activity, however, extends only to the reactions of the -jt orbital system, 
and does not apply in general to reactions of a orbitals in or attached to 
the multiple bond. The effect of the 7r orbital may, indeed, be to decrease 
activity in some cases, such as displacements in vinyl halides. 

(1) CH 2 = CH — I + OH" very slowly or CHj —CH = 0 + 1 

under severe 

vinyl iodide conditions ' ocetoldehyde 

(not isoloted under 
these conditions) 


A. Olefinic and Acetylenic Bonds 

In striking contrast to the unreactivity of carbon-carbon single bonds, 
carbon-carbon double bonds react rapidly to take up chlorine or bromine, 
strong acids, and ozone, and readily add hydrogen in the presence of 
suitable catalysts. Such addition reactions are useful in characterizing 
olefinic bonds, especially the virtually instantaneous decolorization of 
bromine (without formation of fumes). 
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CCI 4 

(2) CH 3 —CH=CH 2 + Br 2 - 


propylene 


(red) 


CH 3 —CH—CH 2 —Br 
Br 

1,2-dibromopropone 
(colorless) 


(3) CH 3 —CH=CH—CH 3 + H 2 S0 4 


2-butene 


(cone.) 


CH 3 —CH 2 —CH—CH 3 

oso 3 h 

2 # -butyl acid sulfate 
(soluble in H 2 S0 4 ) 



The triple bond is somewhat less reactive than a double bond in a 
comparable structure toward electrophilic reagents, but still far more 
reactive than the bonds in an alkane. Addition may occur in stepwise 
fashion. 

Br H 

(5) CH 3 —C=CH + Br 2 — / C==C \ 

CH 3 Br 

methylacetylene frons-1,2-dibromopropene 


( 6 ) 

(7) 


hc=ch + 

acetylene 
H—C=C—H 


H 2 0 


HjSO, 


H 


HgS0 4 


Pt 


- [CH 2 =CH—OH) 

vinyl alcohol 

h 2 c=ch 2 


ch 3 ch=o 

acetaldehyde 


(8) H—C=C—H + 2 H 2 


Pt 


ch 3 —ch 3 


Double and triple bonds are also readily oxidizable, again olefinic 
more readily than acetylenic. The reaction with neutral aqueous per¬ 
manganate solution is the Baeyer test for unsaturation, which distin¬ 
guishes olefins and acetylenes from saturated small-ring hydrocarbons as 
well as from alkanes. The initial product of oxidation of an olefin is a 
glycol, but this is easily oxidized further. 



cydopentene (purple) 


cis-1,2-cyclopentanediol (black or brown) 
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3 CH 3 —C=CH 

+ 8 Mn0 4 

+ OH" - 

propyne 

(purple) 


O" 

3C h 3 - C 

+ 3 C0 3 2 ' 

+ 8 MnO 2 

0 

acetate 


(black 
or brown) 


2 H 2 0 


B. Carbon-Heteroatom Multiple Bonds 

The electronegativity differences in carbon-oxygen and carbon-nitrogen 
multiple bonds provide positive character on the carbon atom (which is, 
therefore, electrophilic) and negative character on the heteroatom (which 
is, therefore, nucleophilic or basic). The greater the electronegativity dif¬ 
ference, the more reactive the multiple bond; thus, X C V is more re- 

O 


active than X—C—Y, provided that Z does not 

II 

N—Z 


tivity of N greatly. Also, the reactivity of X—C 


enhance the electronega- 


Y toward nucleophiles 



is in the order Y = Cl > OCR > OR > 

O 


NR—CR > NR, in which R = 

II 

O 


hydrogen or a hydrocarbon group. 

In addition to rate considerations, it is necessary to consider stability 
factors, as many reactions at carbon-heteroatom multiple bonds proceed 
to a measurable equilibrium. The prediction of equilibrium position from 
purely electronic considerations is frequently very difficult. 

Reactions at the nucleophilic heteroatom are generally of little value 
in themselves. However, the products, in which the electronegativity of 
the heleroatom has been greatly increased, generally with the presence of 
a positive charge, are much more electrophilic than the Iree reagents. 
These reactions, therefore, serve to catalyze nucleophilic attack at the car¬ 
bon atom. The symbols 5 + in eq. (11) represent partial positive charges. 


not 

necessarily equal 

• 

6+ 6 + 

01) 

ch 3 ch=o + 

HCI — 

ch 3 —ch—oh cr 


acetaldehyde 


unstable adduct 

(12) 

ch 3 ch=o + 

© 

NH 3 OH 

4+ i + 

— CH 3 —CH—OH + NH 


© 




/NH ? 

OH 

__ A 


CH 3 —CH 


CH 3 — CH = NOH + HjO 


X OH 


acetaldoxime 
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Eq. (12) illustrates the role of acid catalysis in displacement of aldehydic 
(or ketonic) oxygen. The following displacement, which forms a crystal¬ 
line derivative of a type useful in characterizing aldehydes and ketones, 
undergoes similar catalysis. 




benzaldehyde 


+ 



phenylhydrozine 




+ 


benzaldehyde phenyfhydrazone 


HjO 


Reactions of acid derivatives, RCOY, in which Y = Cl, OH, OR, 
OCOR, NH 2 , NHR, or NR 2 , somewhat resemble those of aldehydes and 
ketones. In the absence of competing equilibria, such as salt formation, 
the reactivity of these compounds is greater the higher the electronega¬ 
tivity of Y. Equilibria tend toward the less reactive (more stable) species. 
The following equations illustrate some of the typical conversions. 



benzoyl chloride ethanol 

(lachrymatory oil) (sourish fragrance) 



(sweet-fragrant oil) 


+ 


HCI 




h 2 o 


OH 

CH 3 C^ + HCI 
O 


acetyl acetic acid 

chloride 


The irreversibility of eq. (15) implies that an acyl halide can not be pre¬ 
pared from an acid and hydrochloric acid. Instead, an inorganic acid 
halide is used, eq. (23) in §5-2B. 

(16) 3CH 3 C—o—c—CHj + HOCH 2 —CH—CHjOH H 

O O 


acetic anhydride 


OH 

glycerol 


CH 3 CO 

11 

o 
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o 

n 

CHj—O—CCH 3 
O 

II 

CH O—CCH 3 + 3 CH 3 COH 

o I 

H o 

CHj—O—CCH 3 

triacetin acetic acid 


(17) CH 3 COH + CH 3 CH 2 OH 

n 

o 



CH 3 COCHjCH 3 + HjO 

II 

o 

ethyl acetate 


The esterification reaction, eq. (17), is truly reversible. The point o 
equilibrium depends on the structures of the acid, alcohol, and ester, but 
is seldom complete either to the right or to the left. Isotope labeling 
studies show that the alcohol provides only a hydrogen atom in the 
product water; it is the acid that releases a hydroxy group. 



CH 3 C—’‘OH + 
O 


ch 3 ch 2 — ,6 oh 




ch 3 c— ,6 och 2 ch 3 + 

o 



heovy water 
(about 50% of O) 


ch 3 c 16 och 2 ch 3 


18 


II 


carbonyl-labeled 
ester (about 50% 
of 18 0) 



(19) ch 3 c' 6 oh + ch 3 ch 2 ’*oh 
o 



ch 3 c' 8 och 2 ch 3 + h 2 ' 6 o 

II 

o 

labeled ester normal 

(100% of 18 O) water 


This information implies that the alkyloxy group of the alcohol dis¬ 
places the hydroxy group of the acid. That the situation is somewhat 
more complex than this is indicated by the fact that the O labeling is 
actually scrambled between the ester and water in cq. (18), but not in 
eq. (19). An explanation of this and related phenomena is detailed in 
§17-2 and §17-3A. The student may wish to propose an intermediate lor 
the reaction which would account for the division of labeled oxygen e- 
tween the water and the carbonyl oxygen of the ester, and check his 

reasoning by reference to §17-3A. 
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OH 


/ 


(20) CH 3 C 


V 


CH h 




20 * 


/ 


CH,C 


V 



aniline 


anilinium acetate 
(stable at 20 # , but 
not at 110?) 


OH 


/ 


(21) CH 3 C 


\ 



NH 


110 * 



NH—C—CH 3 + HjO(g) 


O 

acetanilide 
(loss of water drives 
reaction to the right) 


(22) CH 3 CH 2 CH 2 CH 2 C 


/ 

v 


ci 


+ 2 NH 3 


cone, aqueous 


ammonia 


n-valeryl chloride 


NH 


CH 3 CH 2 CH 2 CHjC 


/ 

% 


+ NH/ + Cl 


n-valeram»de 


It may be noted that the product hydrogen chloride from the reaction of 
an acyl chloride and ammonia or an amine neutralizes some of the base as 
fast as it forms. Thus, to obtain one equivalent of amide, two equivalents 
of ammonia or amine are required. Since amines are expensive, sodium 
hydroxide is often used to neutralize the product acid instead of the extra 
equivalent of amine (Schotten-Baumann procedure). The strong base 
destroys some of the acyl chloride, which is provided in excess. 




p-toluoyl chloride 


+ 


HO—CH 2 CH 2 — NH 2 + OH’ — 


ethanolamine 



N-(d-hydroxyethyl)-p-toluamide 


+ h 2 o 4- cr 
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(tome excess of reagent) 



+ cr 4- H 2 0 


(sodium) p-toluate 


One reaction which has large-scale commercial importance is the^reac¬ 
tion of an ester with hydroxide ion. Since fats, w ic are g yce 
form soaps by this reaction, the process is called saponification. 


(25) 

O 

OH" 


ethyl benzoate 


(26) 

CH 3 COCH 2 CH 3 + 

o 

nh 3 


ethyl acetate 

(cone. 

aqueous) 



a benzoate salt 

CHjCNHj + C 2 H 5 —OH 


O 

acetamide 


Reaction of an ester with ammonia (or an amine) (eq. 26 ) goes to com 
pletion under the conditions noted. In general, amides react only with 
very strong nucleophiles, such as hydroxide ion, or as their conjugate 
acids under conditions such that the acid catalyst also acts as reagent to 
remove some base from the equilibrium. 


(27) HjO + CH 3 C—NH 2 

11 

©OH 

acetamide 
conjugate cation 
(one form) 


(28) CHjCHjCNHj + OH' 

O 

propionamide 


— CHiCOH + 

NH/ 

II 


O 


acetic 


acid 


CH 3 CH 2 CO‘ + 

o 

nh 3 

a propionate 

odor 

salt 

observable 


In summary, the nucleophiles which react with aldehydes, ketones, 
functional derivatives of acids and sometimes, under suitable conditions, 
with carboxylic acids, are hydroxide ion, alkoxide ion, ammonia, am¬ 
monia derivatives such as amines, hydrazine, substituted hydrazines an 
hydroxylamine, water, alcohols, phenols, and other nucleophilic mo e- 
cules and anions. The more reactive the carbonyl compound, the weaker 
are the nucleophiles with which it is capable of reacting. These factors are 
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discussed in more detail in reference to reaction pathways in Chapters 
17 and 18. 

The carbon-nitrogen triple bond, as in nitriles, R—C=N, is less re¬ 
active than the carbon-nitrogen double bond, as in imines, R—CH=NH. 
This parallels the similar difference in reactivity between alkynes and the 
olefins formed by the hydrogenation of the alkynes. Of the compounds 
previously discussed, amides are comparable in reactivity to nitriles. This 
means that amides are, in general, difficult to prepare by hydration of 
nitriles, since the amides tend to hydrolyze at rates comparable to their 
formation. In eqs. (29) and (30), the intermediate amides are not isolated. 

(29) CH 3 —CH—C=N + H + + 2H,0 — CH 3 CH—COOH + NH 4 + 

OH OH 

acetaldehyde lactic acid 

cyanohydrin 

(30) N=C—CH 2 CH 2 —C—N + 2 OH’ + 2H 2 0 

succinonitrile 

o 2 cch 2 ch 2 co 2 2_ + 2 nh 3 

a succinate salt (odor 

observable) 


QUESTIONS AND PROBLEMS 

1. Write an equation to illustrate each of the following. 

a. addition reaction c. saponification 

b. esterification d. substitution 

2. Write equations for those of the following implied reactions which occur, 
with conditions. If the compounds do not react under mild conditions, write NR. 

a. CH 3 —CH=CH 2 + Cl 2 — 

b. CH 2 =CH 2 + NaOH — 

c. CH 3 —CH=CH—CH 3 + h 2 so 4 —■ 

(cone.) 

d. (CH 3 ) 2 C=C(CH 3 ) 2 + H 2 0 — 

e. CH 3 —CH=CH 2 + H 2 — 

r H 2 0 

f. CH 3 CH 2 CH=CH 2 + NaMn0 4 * 

g. CH 3 —C=CH + Br 2 -* 

h. HC=CH + NaOH — 

i. CH 3 CH 2 CHC=CH + Ag(NH 3 ) 2 OH — 

ch 3 
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j. CH 3 —c=c—CH 3 + HCI — 


^c 

k. (CH 2 U III + H 2 — 

h 2 o 

l. CH 3 CH 2 C=CCH 3 + NaMn0 4 - 

m. CH 3 C=CCHCH 3 + Ag(NH 3 ) 2 OH —* 

CH 3 

n. CH 3 CCH 2 CH 3 + H 2 — 


o. C 6 H 5 CH=N—C 6 H 5 + H 2 

p. ch 3 ch 2 ch 2 c=n + h 2 


3. What familiar named test is used to distinguish between saturated and un¬ 
saturated hydrocarbons? What is observed when the test is used? Describe the 

results for both a saturated and an unsaturated hydrocarbon. 

4. To test for unsaturation, a compound can be treated with bromine in what 
solvent? This solvent is used to facilitate observation of what substance 1 ’ How 

significant is this observation? . . 

5. Compare alkanes, alkenes, and alkynes with respect to characteristic type of 

reaction and relative ease of reaction. . 

6. Show how hexane and 2-hcxcne can be distinguished chemically in three 


w ays. Describe the observations in each test. . . 

7. Show how the following compounds can be distinguished by simp e c emica 
tests. Describe the observed differences in results of each test. Write equations 
for any reactions that occur. 


a. pentane, l-pentene, and 1-pen- 
tyne 

b. cyclopcntane, ethylcyclopro- 
pane, and l-pentene 

c. I -heptyne and 2-heptyne 

d. propylcyclopropane and 2,3- 
dimethyl-2-butenc 

e. methanol and /i-hexane 

f- I -hexyne and ethanol 

g. ethyl n-butyl ketone and n-bu- 

tyl ether 

h. n-bulyraldehyde and ethanol 
»• acetic anhydride and n-vale- 

ryl chloride 

j- ethyl acetate and 2-butanone 


k. ethyl n-butyratc and n-butyl 
ether 

l. acetyl chloride and isopropyl 
chloride 

m. ethanol and n-butylamine 

n. triethylaminc and rc-propyl 
ether 

o. /?-butyronitrilc and n-butyl- 
amine 

p. benzamide and 3,4-xylylamine 

q. propionanilide and aniline 
hydrochloride 

r. /i-butyramide and tri-n-butyl- 

amine 

cyclopentane and cyclo¬ 
ethylene? Base your 


. How do cyclopropane and cyclobutane differ from 
ane? How do cyclopropane and cyclobutanc differ from 
wer on chemical properties. 
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9. Write equations for any reactions that occur in the following mixtures of 
substances under moderate conditions. Use structural formulas. Indicate essen¬ 
tial special conditions. If no reaction occurs, write the formulas of the reagents 
and NR. 


a. 

butanal + hydroxylamine 

r. 

isopropyl trimethylacetate + di¬ 

b. 

1-butanol + hydroxylamine 


lute sodium hydroxide solu¬ 

c. 

diethyl ketone + hydroxyl¬ 


tion 


amine 

s. 

propyl methanoate + concen¬ 

d. 

cyclopentanone + phenyl- 


trated ammonium hydroxide 


hydrazine 

t. 

malonyl chloride + dilute 

e. 

n-valeraldehyde + semicarba- 


sodium hydroxide solution 


zide(H 2 NNHCONH 2 ) 

u. 

2-methylpropanoyl chloride + 

f. 

2-methylcyclohexanone + hy¬ 


concentrated ammonia solu¬ 


drogen 


tion 

g- 

1-propanol + ethanoic acid 

V. 

phthalic anhydride + dilute 

h. 

butanoic acid + hydrochloric 


sodium hydroxide 


acid 

w. 

succinic anhydride + concen¬ 

• 

i. 

benzoic acid + thionyl chlo¬ 


trated ammonium hydroxide 


ride 

X. 

methylamine + water 

j- 

benzoic acid + n-propyl alco¬ 

y- 

methylethylamine + acetic an¬ 


hol 


hydride + dilute sodium hy¬ 

k. 

ethyl rt-butyratc + isopropyl 


droxide 


alcohol 

z. 

dimethylisobutylamine + ace¬ 

1. 

methyl isobutyrate + water 


tic anhydride + dilute sodium 

m. 

/i-valeryl chloride + water 


hydroxide 

n. 

isovaleryl chloride + isobutyl 

aa. 

n-butyramide + dilute sodium 


alcohol 


hydroxide 

0. 

caproic anhydride + 5fT-butyl 

ab. 

n-valeronitrile + dilute sodium 


alcohol 


hydroxide 

P 

crotonic anhydride + water 

ac. 

formamide + dilute hydro¬ 

q- 

mcthacrylic acid + concen¬ 


chloric acid 


trated ammonia solution 

ad. 

/i-pelargonitrile + hydrogen + 
platinum 


10. Each compound to be prepared below can be made in one step from the sug¬ 
gested starting material. Write equations for the required reactions, including 
necessary special conditions. Use structural formulas. 


a. ethyl bromide from an alkene 

b. 1,2-dibromobutane from the 
suitable hydrocarbon 

c. 1,l-dichloroethane from the 
suitable hydrocarbon 

d. ethylene from acetylene 

e. 2,2,3,3-tetrabromobutane 
from the suitable hydrocarbon 


f. ethyl hydrogen sulfate from 
ethylene 

g. 1-bromocyclooctene from the 
suitable hydrocarbon 

h. 1,3-dibromobutane from the 
suitable hydrocarbon 

i. 1,4-dibromobutane from the 
suitable hydrocarbon 
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j- 

acetaldehyde from acetylene 

u. 

k. 

ethylbenzene from suitable 



halides 

V. 

1. 

1,2-dichloropropane from an 
unsaturated hydrocarbon 

w. 

m. 

1,1-diiodoethane from an un¬ 
saturated hydrocarbon 

X. 

n. 

acetaldoxime from acetalde¬ 
hyde 

y- 

0 . 

acetone phenylhydrazone 
from the carbonyl compound 

z. 


and suitable reagent 

aa. 

P- 

isopropyl alcohol from a suit¬ 

ab. 


able carbonyl compound 

q- 

benzyl alcohol from a suitable 
carbonyl compound 

ac. 

r. 

n-butyryl chloride from the 
suitable acid 

ad. 

s. 

methyl n-butyrate from an al¬ 
cohol and an acid 

ae. 

t. 

H-butyl acetate from an alco¬ 
hol and an acid 

af. 


11. Arrange the following compounds in 
toward hydrolysis. 

a. acetic anhydride, acetyl chlo- b. 
ride, ethyl acetate 


rt-butyramide from methyl n- 
butyrate 

formic acid from ethyl formate 
propionamide from propionyl 
chloride 

ethyl isobutyrate from an an¬ 
hydride and an alcohol 
benzoyl chloride from benzoic 
acid 

A'-methylacetamide from the 
suitable anhydride and amine 
acetanilide from the suitable 
amine and acid 
acetamide from an ester 
isobulyramide from isobutyric 
acid 

sodium propionate from pro- 
pionitrile 

propionic acid from propioni- 
trile 

ethylamine from acetonitrile 
the order of increasing reactivity 

n-hexyl chloride, hexanoyl 
chloride, benzoyl chloride 


12. What effects would you expect a trace of added concentrated sulfuric acid 
to have on eq. (21), §7-2B? What effect would equivalent or excess concen ra e 

sulfuric acid have on this equilibrium? Explain your answers. 

13. In eq. (23). §7-2B, why is the amino group attacked in preference to e 
hydroxy group? What would be the effect on this reaction of too large an excess 


of thep-toluoyl chloride? 


7-3 GROUP INTERACTIONS 

The simple relationships which hold for reactions of saturated mono 
functional compounds are often drastically modified when more than one 
function is present. This is especially so for compounds that contain a 
functional group on an unsaturated carbon atom. A simple examp e ms 
vinyl bromide, which does not react at all readily like saturated alky 
bromides. In the reaction of vinyl bromide with cyanide the reaction 



CH 3 CH 2 Br + CN - 
ethyl bromide 


boiling elhonol_^ C H 3 CH 2 C = N + Br 

1 hr .... 

propionitrile 

in 70 to 80% yield 
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CH 2 =CH—Br + 
vinyl bromide 


CN” 


boiling ethonol 
2 days 


CH 2 =CH—C==N + Br" 

acrylonitrile 
in negligible 
yield 


slow that side reactions, that is, competing and consecutive reactions, 
destroy most of the acrylonitrile as fast as it forms. (See also eq. (1), 
§7-2.) 


A. Conjugation and Resonance 

Structurally, a system of alternating multiple and single bonds is said 
to be conjugated (§5-1C). What this means in terms of chemical proper¬ 
ties provides a fascinating chapter in the history of organic chemistry that 
began about 1870 and may not be completed for another century. New 
and unforeseen aspects of conjugation turn up frequently in the chemical 
literature. Historically, benzene initiated the study, and, with the help of 
modern theory, benzene provides a convenient point of entry for the con¬ 
temporary student. 

(1) Benzene and Aromaficity. We have seen (§4-lG(3)) that the structure 
and properties of ethylene may be computed by a quantum-mechanical 
treatment as a twelve-electron system in which ten of the electrons occupy 
five stable sigma orbitals, while the remaining pair occupies a somewhat 
higher (but still stable) x orbital. If one considers just the carbon-carb®n 
double bond (Figs. 4-15B and 4-17), two electrons occupy the a orbital 
and two the x orbital. One should note again that the x orbital is more 
stable than its parent p atomic orbitals by the amount of delocalization 
energy of the system. One may now treat benzene as an analogous thirty- 
electron problem. Of the thirty electrons, twenty-four are utilized to form 
the six carbon-hydrogen bonds (sigma molecular orbitals) and the six 
sigma bonds of the carbon-carbon system (see Fig. 7-2A). Presumably 
these sigma orbitals are similar to that shown in Fig. 4-I5B and those 
discussed in §4-IF. Each carbon atom thus uses its s atomic orbital and 
two of its three p orbitals to make the hybridized sp 2 atomic orbitals 
utilized in these sigma molecular orbitals. This gives the correct geometry, 
as S P orbitals are planar and have 120° angles between lobes, precisely the 
angle of a regular hexagon. 

The more interesting part of the benzene problem concerns the remain¬ 
ing six electrons. Remaining on each of the six carbon atoms is one p 
orbital and one electron. We may now consider the results of some pos¬ 
sible quantum mechanical treatments of these six p atomic orbitals. As a 
first assumption we might consider forming molecular orbitals from pairs 
of adjacent atomic orbitals, that is, treating benzene as if it had three 
isolated double bonds. This would give the energy diagram shown in Fig. 
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Fig. 7-2. Orbital Systems Concerned with Benzene Structure. (A) The twelve 
a MO’s of the benzene ring system, (B) six atomic p orbitals available for 
delocalization in benzene, (C) r Orbital in cyclohexene, (D) r overlap assumed 
in a given Kekule structure having energy equivalent to diagram Fig. 5-I6A. 


7-3A, where there are shown three identical 7 r bonding orbitals (as well as 
the three it* antibonding orbitals), each with delocalization energy equiva¬ 
lent to the tt orbital in cyclohexene (Fig. 7-2C and D). These three bond¬ 
ing MO’s would hold the six remaining p electrons. This computation 
would give us a model for benzene which is equivalent to one of the 
Kekul6 structures (Fig. 7-4C or H). 

This model has been tested as follows: Hydrogenation of cyclohexene 
consumes one mole of hydrogen with the evolution of 28.6 kcal./mole o 
heat. If benzene were the hypothetical Kekule cyclohexatriene (Figs. 7-2D 


Erwgy 

Content of 
Orbitals 


Three hypothetical 
Kekule n # MO 
tonti bonding) 


Three empty (in the 
ground state) meso- 
meric n“ MO 

(anti bonding) 


Base state energy: 
six hypothetical p 
AO of the ring 
carbon atoms 



Three hypothetical 
Kekule bonding rt 
MO 


Delocalization energy » 2( E» +■ Ei + EsL 


n 1 

Three filled tt MO 
of the actual meso- 
meric molecule- 


Fig. 7-3. Energy Diagram for Molecular Orbital Formation from p Orbitals in 
Benzene. (A) Treatment as if benzene were 1 , 3 , 5 -cyclohexatriene (one of the 
Kekul6 structures), (B) treatment of all six p orbitals together. 




742 FUNDAMENTAL CHEMICAL PROPERTIES 



^CH 

CH—|—— CH 


I .CH I 

CH-—CH 



Ladenburg 


^CH 

^CH 

^CH 

CH^ ^CH 

, II 

CH "^CH 

1 "s^l 

CH '"CH 

II 11 

1 II 

CH /CH 

CH 

CH ^CH 
'"CH^ 

II II 

CH XH 

'"CH 

C 

D 

E 

Kekule 

Claus 

Dewar 


.CH 

CH 

CH 


^CH 

CH 1 /CH 

CH OCH 

CH'' "“CH 


CH ^CH 

I ' i 

1 . , s. 1 

11 /-I 

1 II ‘ 


II 1 

CH | ^CH 
''CH 

CH ' ^CH 

CH 

CH ^ ^CH 
"CH 


CH ^CH 

"CH 

F 

G 


H 


Armstrong-Baeyer 

Thiele 

Kekule 

(modified) 



I 

Modern Resonance Concept 


Fig. 7-4. Proposed Structures of Benzene. 

and 7-3A), the heat of hydrogenation of each double bond would be 
approximately the same as that of the double bond of cyclohexene, and 
the total heat of hydrogenation would be about 3 x 28.6 or 85.8 kcal./ 
mole. In fact, however, the heat of hydrogenation of benzene is only 49.8 
kcal./mole, so that benzene is 36.0 kcal./mole more stable than the 
Kekule model of noninteracting double bonds would lead us to predict. 
An analogous calculation using heat of combustion data gives a similar 
result. Benzene is more stable (i.e., contains less energy) than calculated 
by a large discrepancy which is well outside experimental error. 

An alternative MO calculation result is shown in Fig. 7-3B. Here all six 
p atomic orbitals are treated together to give complete overlap, with each 
MO encompassing all six atoms (rather than each MO being restricted to 
a pair of atoms). Now we again get three bonding MO’s and three anti¬ 
bonding MO s, but as a comparison of A and B shows, the three new 
bonding orbitals are considerably more stable than those calculated in A. 

Heretofore we have used the terms “resonance energy” or “delocaliza¬ 
tion energy” in reference to the energy difference between the atomic and 
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the molecular orbitals. However, these terms have been used by organic 
chemists in a somewhat different sense and we will use them in this sense 
in the remainder of the book. We will now define resonance energy or de- 
localization energy as the difference in energy between that calculated for 
a model with an electron system capable of representation by a conven¬ 
tional bond structure and that observed for an actual molecule not cap¬ 
able of conventional structural representation. For benzene, the delocali¬ 
zation energy is that calculated for the Kekule model (determined in 
principle from Fig. 7-3B by adding the energy contents of the three 
Kekule r orbitals) less that of the real molecule (again determined, in 
principle, but not in practice, by the sum of the energy levels of i r,, 7r 2 , 
and 7 r 3 ). This leads to the new energy level diagram shown in Fig. 7-5, 
which indicates the ordinary usage of these terms of energy differences. 

The foregoing discussion is intended to provide a semimathematical 
and physical background to a concept which has found considerable use 
in organic chemistry. As we have noted, the conventional method of 
representation of molecules with lines (or pairs of electrons) as bonds does 
not permit us to describe benzene accurately with only one structural 
formula. If, however, we imagine that the Kekule structural formulas are 


Kekule benzene 
(I n m Fiq. 5-16 A 
for six electrons) 


Energy 

Content of 
Orbitals 


Delocalization energy 
36.0 kcal./mole 


- Real benzene 

(Ini + n2+n3 in Fig 
5-16 B for six electrons 
or experimental value) 


Fig. 7-5. Resonance Energy Diagram for Benzene. Top line is hypo¬ 
thetical. 
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superimposed, we would have a molecule represented by the formula III, 
in which each carbon-carbon bond is intermediate between single and 
double and all are identical. 



II III iv 


It is convenient, for a number of reasons which will become apparent 
during the course of study, to discuss real molecules in terms of conven¬ 
tional structures such as I and II, by using the language of the theory of 
resonance (mesomerism). In this theory, structural formulas such as I 
and II are called valence bond structures or canonical structures , and actual 
molecules are said to be resonance hybrids or mesomers (Gk. mesos, be¬ 
tween, and meros , parts) of these structures, represented as IV. The dis¬ 
tribution of electrons in a molecule can be approximated quite well by 
assuming, for example, that benzene is a hybrid of I and II. As electron 
distribution is pertinent to reactions and reactivity, consideration of 
valence-bond structures in discussing these is useful. Chemists use a 
double headed arrow (■•-*■) to link the valence-bond structures to show that 
they are not real species , but are simply formulas that must be considered 
together to understand the real molecule. This has often been misunder¬ 
stood or misapplied, with the erroneous assumption made that there is an 
equilibrium between the valence-bond structures, that is, that some of the 
molecules have one of the structures and some the other(s), or that part of 
the time a given molecule has one structure and part of the time it has the 
other(s). As the molecular orbital discussion above indicates, this inter¬ 
pretation is quite incorrect, but valence-bond structures must be con¬ 
sidered simply as a means, taken together , of conveniently representing 
electron distribution in molecules. Chemists may say that the valence- 
bond structures “contribute” to the actual molecule. The equivalent 
language, that the molecule “resonates” between the valence-bond struc¬ 
tures, could lead to confusion and thus should be avoided. 

The general theory of resonance or of mesomerism can be summarized 
in the following rules (which have some interesting exceptions not con¬ 
sidered here): 

1. Whenever one may write two or more valence bond structural for¬ 
mulas for a molecule (or other chemical entity) which differ from each 
other only in the position of electrons , then none of the formulas represents 
the actual molecule, but the actual molecule is a resonance hybrid to 
which each of the structures contributes. 

2. When the several structures differ in energy content, the actual 
molecule is more like the one of lower energy content (i.e., contributions 
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from the several structures are not necessarily identical, and greater con¬ 
tributions are made by low-energy structures than by high-energy ones). 

3. Electron distribution in an actual molecule can be estimated from a 
consideration of the hybrid structure or of the contributions of the 
several valence-bond structures. Other physical properties (except energy 
content) can also be estimated in this way. 

4. The energy of an actual molecule is always less than that estimated 
for any of the valence-bond structures; the difference between the energy 
of the lowest-energy canonical structure and that of the actual molecule 
is termed the resonance , mesomeric , or delocalization energy. The mag¬ 
nitude of this difference depends upon the differences in energy of the 
hypothetical valence-bond structures; when these differences are small, 
then electron delocalization is great and resonance energy is great. When 
one structure is substantially lower in energy content (more stable) than 
the other(s), the resonance energy is low and as indicated in (2), the 
higher-energy structures make less contribution to the hybrid molecule. 

The delocalized w molecular orbitals of benzene can be represented 
descriptively. It is simplest to describe the lowest-lying MO (tt, of Fig. 
7-3B). It is shaped much like two irregular doughnuts, one lying above 
the plane of the ring carbon atoms, and an identical half lying below the 
plane (Fig. 7-6A). This orbital holds two of the six n electrons. The re¬ 
maining two bonding orbitals (ir 2 and of Fig. 7-3B), although of equal 
stability, are of different relative orientation (Fig. 7-6B and C). Each of 
these orbitals holds two electrons. 

The special stability of benzene is not common to all closed conju¬ 
gated systems. For example, calculations indicate that cyclobutadiene 
has the same energy content for delocalized “aromatic” orbitals (i.e., 
benzene-like orbitals) as for nonoverlapping double bonds; cycloocta- 
tetraene is calculated to be about 6 kcal./mole more stable as four double 
bonds than as an aromatic system, and consequently, has no tendency to 
assume a strained planar conformation. 



cyclobutadiene cyclooclatetroene 


Only systems of An + 2 available /7-eleclrons form unusually stable 
conjugated systems (HUckel’s rule). Although there is some quantum 
mechanical justification for this rule, it may best be stated to be a de¬ 
scription of every closed conjugated system studied thus far. Another 
requisite is that the closed system must be capable of existence essentially 
strain-free in a single plane (or nearly so). The fused aromatic systems, 
such as naphthalene (n = 2), anthracene (n = 3), and phenanthrene (n = 



o 



Fig. 7-6. Molecular Orbitals in Delocalized Benzene Model (closely approximating actual benzene 




GROUP INTERACTIONS 147 


3) admirably fit this description. They are thus characterized by large 
resonance energies (Table 7-1). 


TABLE 7-1. Resonance Energies of Arenes 


Compound 

n (in 4n + 2) 

Resonance energy, 
kcal./mole* 

Benzene . 

1 

35 42 

Naphthalene 

2 

61-77 

Anthracene 

3 

84 1 16 

Phenanthrene 

3 

90-130 


"Variation due to method of measurement Relative order of magnitude is always the same for 
these cases. 


The chemical properties of benzene and other arenes are thus explained 
by the delocalization energy content of the conjugated system. Reactions 
of benzene must involve the formation of stable enough intermediates to 
overcome, in part at least, the loss of 36 kcal./mole of aromatic resonance 
energy. Such reactions lead most frequently to substitution rather than 
addition, since the latter must result in ultimate destruction of the aro¬ 
matic resonance and must proceed against a 36 kcal./mole energy disad¬ 
vantage over similar additions in ethylene. 

Once addition has begun, however, a nonaromatic diene has formed, 
which adds the next two moles of reagent much more easily; these latter 
stages are energetically similar to addition in ethylene. The consequence 
is that addition to benzene is often an all-or-nothing reaction; if any addi¬ 
tion occurs at all, three moles of reagent add to form a cyclohexane 
derivative. 

Some examples of typical reactions of benzene are given in the follow¬ 
ing equations. Note that electrophilic reagents bring about substitution, 
not addition, in benzene (eqs. (3-5). Furthermore, both substitution and 
addition in benzene are usually much slower than additions to olefins. 




C 6 h 6 + 

benzene 

(similarly Cl? + Fe) 


C 6 H 6 + 3 Cl 2 


FeBri 

Br 2 ---- C 6 H 5 Br 

(from Fe + Br 2 ) 

bromobenzene 



CHCI 
/ \ 

CHCI CHCI 

I I , 

CHCI CHCI 
\ / 

CHCI 


+ HBr 


(Similarly Br 2 and light. mixlure of stereoisomer* of 

but the hexabromide tends l ,2,3,4,5,6-hexachlorocyclohexane 

to decompose.) 
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(5) C 6 H 6 + S0 3 — C 6 H 3 S0 3 H 

15-20% benzenesulfonic 

in H 2 SO 4 odd 


H2SO4 

(6) C 6 H a + HNO 3 —-7— C 6 H 5 —N0 2 + HjO 

(cone.) 

(cone.) nitrobenzene 


(7) C*H 4 ■+■ 



H, 


The hydrogenation reaction (eq. 7) is reversible. Benzene is now pre¬ 
pared commercially from petroleum by dehydrogenation of cyclohexane 
(and hexane) over a catalyst consisting of platinum on alumina. The 
process is called reforming (§5-ID, eq. 5). 

The resistance of the benzene ring to destruction is exemplified in the 
following oxidation and pyrolysis. Recall, by contrast, the ease of oxida¬ 
tion of olefins (§7-2A). 



2 Mn0 4 " 


HiO 



+ 


2 MnO* + H*0 + OH 




o o 


uvitic odd 


CuO powder 
pyridine 
265* 



toluene 



2 CO* 


(2) Acidity in Phenols and Carboxylic Acids. Certain open conjugated 
systems are characterized by considerable resonance stabilization. Thus, 
compounds with the structure Y=C—Z: exhibit electron delocalization 


sufficient to provide 15-30 kcal./mole of resonance energy. The valence- 
bond structures for this type of system show, in general, the incurrence of 
a partial positive charge on atom Z and a partial negative charge on 
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atom Y. Thus greater electronegativity in Y and greater electropositivity 
in Z increase the resonance energy, since these factors tend to make the 

© © »- *♦ 

Y=C—Z- — :y—C=Z Y—C—Z 

I I I 

X XX 

hybrid 

two valence-bond structures energetically more equivalent. The charge- 
separated structure is usually of higher energy content, hence contributes 
less to the resonance hybrid. 

In the specific system of carboxylic acids, R—C , the carbonyl 

OH 

oxygen atom has the role of Y in the general formula, and the hydroxy 
oxygen atom has the role of Z. Resonance stabilization when R is satu¬ 
rated is about 15 kcal./mole. However, when the proton is removed from 
the hydroxy group by a base, the resulting carboxylate anion involves two 
identical structures with charge delocalization (favorable) rather than 
charge separation (unfavorable), and resonance stabilization is consider¬ 
ably greater (See energy diagrams. Fig. 7-7.) 



acetic ocid base acetate ion carboxylic acid corboxylote ion 


(resonance energy (resonance energy 

ISkcol.) 25 kcol.) 

Consequently, a carboxylic acid such as acetic acid has considerable ten¬ 
dency to ionize (AT, = 1.8 x 10‘ 5 ) even in a base as weak as water. The acid 
strength of acetic acid is sufficient to make it react rapidly with bases such 
as bicarbonate ion, ammonia, or hydroxide ion and slowly in aqueous 
solution with metals such as zinc and magnesium. 



o 


oi 


(10) 

✓ 

CHjC + HCO," 

i 

— CH,—C 


v© + h 2 o 4- co 2 


\ 

\ 

bj 



OH 




ocetic acid 



bubbles 


o 

O] 




/ 

/ 


▲ 

(11) 

C*HjC^ + NHj 

OH 

— c 4 H 5 c^ 
o. 

► e 

► 

X 

z 

+ 


bonzoic acid 

ammonium 

bon zoo to 
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/K 


CH,OH^ 


+ H 2 0 


© 

CH 3 0 


+ H»0 


© 


© 

CHjC^ 


*0H 


CH^t 


0 

OH 


real 


$ 


acetic acid 


+ H 2 0 


© 

,p ,0 

CH 3 C or CH 3 C v 
'0 '0 

© 


real acetate ion 


+ H 3 0 


0 


---L__ 

A B 

Fig. 7-7. Energy Relationships in Weak Acids and Their Conjugate 
Anions. (A) Energy diagrams for methanol and methoxide ion, 
(B) Energy diagrams for acetic acid and acetate ion (arbitrary scales 
for each). 


( 12 ) 



formic ocid 



o 

o 

magnesium formate 





Ends, like carboxylic acids, also are acidic because of the greater 
resonance stabilization of the enolate ion than of the end itself. However, 
most ends are not available for study as they are usually unstable with 
respect to their keto forms. For example, all preparations designed to 
lead to vinyl alcohol lead instead to its tautomer, acetaldehyde (see §8-2F). 



\ 


OH 


enol 


' x o-© 


• •© / 
>c ~ c ^ 


>c—c 


enolate ion 


»'■ 

keto form 


ch 7 =choh 

vinyl alcohol 


ch 3 ch=o 

acetaldehyde 


However, if the double bond of the enol is replaced by an aromatic 
ring, as in phenol, the aromatic ring resonance energy makes the enol 
form much more stable than the keto form, so that the relative stabilities 
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of various phenols and their conjugate bases (aryloxide ions) are meas¬ 
ured readily. 



Conjugation occurs in both the phenol and the phenoxide ion, but is 
more effective in the latter, where electron delocalization does not involve 
charge separation, than in the former, where charge separation is in¬ 
volved. The result is that phenol is a much stronger acid than are alco¬ 
hols, although it is not as strong as carboxylic acids. 




+ IS- - 0) (25- - -1) 

charge jeparotion charge delocoliiotion 

in phenol hybrid •" phenoxide ion hybrid 



Thus, phenol and phenols in general are strong enough acids to react 
with strong bases such as hydroxide ion, but not weak bases such as 
bicarbonate ion. Phenols are about as acidic, in fact, as the bicarbonate 
ion ( K , - 10'"). 




+ OH' 


p-cresol 

(insoluble in woter) 



+ h 2 o 


p-cresylote ion 
(sodium salt solution) 



does not go 

co 3 J - - 

to completion 



phenoxide ion 


+ HCCV 


Phenols are thus distinguishable from carboxylic acids in that they do 
not liberate carbon dioxide gas from bicarbonates as do the latter, and 
from alcohols in that they generally dissolve completely in aqueous 
sodium hydroxide, as alcohols which are insoluble in water do not. A few 






752 FUNDAMENTAL CHEMICAL PROPERTIES 

phenols, notably 0-naphthol, form sparingly soluble sodium salts, hence 
react with, but do not dissolve in, sodium hydroxide. 

Phenols that are water soluble are not distinguishable from water- 
soluble alcohols by reaction with aqueous bases. Here, a peculiarity of 
phenols in reaction with certain transition metal ions is exploited. A very 
sensitive test, for example, is the formation of deep green, blue, or violet 
complexes between the phenol and ferric ion. Neither alcohols nor 
carboxylic acids give intensely colored complexes, but other enols and 
some other types of compounds do. The equations below are representa¬ 
tive. but the products shown are not necessarily the only colored com¬ 
plexes formed. 



colorless pale yellow deep violet 

0.01M 0.001 Ai 


(17) 3CH 3 






acetylacetone 
(a stable enol) 


CH, + Fe 3 * 3CH,— 


XH 

C<' 

li l 

°V.^° 

Fe, 


—CH 3 + 3 H + 


(3) Basicity in Amides and Arylamines. Resonance effects are observed in 
amides, also. Here, the electron-donating ability of the nitrogen atom (as 
Z, §7-3A(2)) and the electron-accepting ability of the oxygen atom (as Y) 
combine to stabilize the free amide as much as either the conjugate acid 
cation or conjugate base anion of the amide. 


R—C 


• • 




O '. 0 
/ ' 

V 


p 5 - 

R -\ 

NH 2 

5 + 


energetically almost equivalent 
resonance energy ~ 25 kcal./mole 


hybrid 


.© 

.OH 


NH, 


R—C 


: 0—H 


NH 2 




6 + 

O—H 


NH 2 

5 + 


resonance energy ~ 25 kcal./mole 


hybrid 



GROUP INTERACTIONS 153 



resonance energy 



~ 25 kcal./mole 


R—C 


06- 


NH 

6 - 


hybrid 


Amides are, therefore, neutral amphoteric compounds which form salts 
only in very strong acids or very strong bases. It may thus be noted that 
the amino group in an amide is not as basic as it is in a free amine. 

Reasoning analogous to that above for amides and to that earlier dis¬ 
cussed for phenols leads to the conclusion that arylamines should be 
weaker bases than alkylamines, but not as weak as amides. The amino 
group interacts weakly with the ring to provide some resonance stabiliza- 



aniline 

N-conjugoted 



anilinium ion 
no conjugation outside 
the ring 


<5- 



(6 + + 2i- - 0) 




hybrid 

negligible charge 
delocolizotion 


tion of the free amine as compared with its conjugate cation, which has 
no resonance interaction between the ammonio group and the ring. 

The interaction is less than that with a carbonyl group, as in an amide; 
thus, an arylamine is not neutral, but not as basic as ammonia. A second 
phenyl group, however, provides sufficient additional interaction with the 
amino group to make it neutral. 



m«thylamio« 

aniline 

diphenylamine 


(Kfc - 4.38 x 10' 4 ) 

(K b - 3.82 10" ,0 ) 

(K b - 7.6 x 10"' 4 ) 


CHj— 

^NH, 

^ NH 

CHj-C^ 

NH, 

^ NH 

H,N —C Kb =■ 

NH, 

|BH* ] [OH' ) 
IB] 

acetamide 

(*k - 2.5 x nr 13 ) 

acetomidine 
(K b - 3 X 10" 2 ) 

guanidine 
(K b - 2 x 10" ') 
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amide conjugate anion amide 



yV-protonoted 0-protonated 

amide conjugate cation 



imide conjugate onion 


imide 



/V-protonoted 0-protonated 

imide conjugate cation 


Fig. 7-8. Orbital Formulas for Amide and Imide and Their Conjugate 
Anions and Conjugate Cations. 


Reasoning such as that in this and the preceding sections can be applied 
to explain the weakly acidic properties of imides (see Fig. 7-8). 

Since interaction between a hydroxy group, as in phenols, or an amino 
group, as in arylamines, with an aromatic ring greatly influences the 
properties of these groups, it is to be expected also that the properties of 
the aromatic ring are equally influenced. The substitution reactions which 
proceed with moderate ease in benzene, for example, nitration, sulfona- 
tion, and halogenation, proceed with great dispatch in phenols. Halogena- 
tion likewise occurs rapidly in arylamines, but nitration and sulfonation 
conditions convert the amines to unreactive arylammonium ions. 

Phenol and aniline, for example, form dense white precipitates as fast 
as bromine water can be added to them. The ring is tribrominated in the 
positions ortho and para to the functional group unless that position is 
occupied by a group other than a hydrogen atom. 



aniline 2,4,6-tribromooniline 
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(4) Carbon-Heteroatom Bonds at Unsaturated Carbon. It should be ap¬ 
parent from §7-3A(2) that resonance interaction between an oxygen atom 
and an aromatic ring will strengthen that bond and make it less suscepti¬ 
ble to cleavage. This is, in fact, true: treatment of aryl ethers \wth 
hydriodic acid cleaves alkyl-oxygen bonds, but not aryl-oxygen. Diphenyl 
ether does not react. 

(19) C*Hj—O—C 2 H 5 + HI — C 6 Hi—OH—C 2 H 5 + I' — 

phenetole 

c 6 h 5 oh + c 2 h 5 i 

(does not 
react further) 

Halogen atoms, too, participate in conjugation with the aromatic ring. 
In the absence of groups w hich provide special effects (discussed in §22-6), 
aryl-halogen bonds are highly resistant to displacements. This can be seen 
in the different conditions required for hydrolysis of w-hexyl bromide and 


bromobenzene. In 

general, aryl halides (without electronegative groups in 




100 ' ^ iBillA11 

(20) 

CH 3 (CH* 2 ) 5 Br 

+ OH’ - 

-- CH 3 (CH 2 ) 5 OH + Br 


n-hexyl bromide 

3M in 

1 -hexanol 



woter 

n-hexyl olcohol 

(21) 

C 6 H 5 Br 

+ 2 OH’ 

Cu:300 ’ - C 6 HjO + Br- + HjO 




pressure 


bromobenzene 

molten 

(sodium) 



sodium 

phenoxide 



hydroxide 




»< l 


addition to halogen) are unsuitable for displacement reactions. Only a 
few displacements in chlorobenzene are industrially feasible: one is the 
preparation of phenol via the phenoxide, similar to eq. (21); another is the 
preparation of aniline, eq. (22). Both, developed by Dow Chemical Com¬ 
pany, are called Dow processes. 

(22) C 6 H s CI + 2 NH 3 -1™^°*- - C 6 HjNH, + NH/CI 

CuCI; pressure 

aniline 

B. Oxidation and Reduction 

It was observed (§7-2A) that carbon-hydrogen bonds in aliphatic hydro¬ 
carbons are oxidized with difficulty. Although there are several pathways 
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for oxidation, and thus several ways molecular environment can affect 
oxidizability, a few types of structure stand out as unusually susceptible. 

The aldehyde group is one that is remarkable for ease of oxidation by 
most pathways. This seems all the more remarkable when it is remem¬ 
bered that oxidation is a decrease in electron density, and that the car¬ 
bonyl group has already assured a low electron density at the aldehyde 
hydrogen. The explanation lies in the stabilization of the intermediates, 
which are of several kinds, by resonance involving the carbon-oxygen 
double bond. 

A typical reaction in which the ease of oxidation of an aldehyde is con¬ 
trasted to the resistance of a ketone is the Tollens’ test, which uses the 
mild oxidizing agent, diamminosilver ion. The formation of a silver mir¬ 
ror on a clean glass surface or a black precipitate of finely divided silver is 


(23) CH 3 CH 2 CH=0 + 2 Ag(NH 3 )2 + 

propionaldehyde 

O 1 


+ OH 




2 Ag + CH 3 CH 2 C^ 


- + 2NH/ + 2NH 3 


propionate ion 

a positive test for an aldehyde (also given by a-hydroxy ketones, aromatic 
amines, and a-naphthol). Simple ketones do not react. 

Hydroquinone and its homologs are easily oxidized to the related qui- 
nones, for example, by light-activated silver ions (Ag*), a reaction that is 
used in photographic development. 


(24) HO 



OH + 2 Ag * Br + 2 OH 



hydroquinone 


benzoquinone 


2 Ag(s) + 2 Br” + 2 H 2 0 

Several classes of organic compounds are moderately strong oxidizing 
agents. Most of these are compounds with oxidized nitrogen, such as 
nitro compounds, nitrates, nitrites, and nitroso compounds. All of these 
are known for their ability to oxidize freshly prepared moist ferrous 
hydroxide (pale blue-gray) to hydrated ferric oxide (brown). 


(25) C 6 H 5 N0 2 + 6 Fe(OH )2 + 4 H 2 0 — C 4 H 3 NH 2 + 6 FofOHfe 


nitrobenzene 


aniline 

(among other 
products) 


However, one class containing only carbon, hydrogen, and oxygen is 
also notable for the oxidizing ability of its members. This again is related 
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to the question of resonance. Quinones do not have an aromatic system; 
p-quinones are doubly cross-conjugated cyclic ketones. o-Quinones are 
linearly conjugated. 




p-benzoquinor* 


o-ben z oqu i none 


Both form aromatic systems upon reduction. The stabilization by 
aromatic resonance makes the hydroquinones and pyrocatcchols the pre¬ 
ferred products in redox equilibria. Thus, such mild reducing agents as 
sulfurous acid and ferrous hydroxide easily reduce quinones to the aro¬ 
matic diols. 



O 

benzoquinone 


OH 



OH 


hydroquinone 

(aromatic) 
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QUESTIONS AND PROBLEMS 

1. Write equations for those of the following implied reactions which occur, 
with conditions. If the compounds do not react under mild conditions, write NR. 


a. 

c*H 6 

+ 

Br, — 

d. 

C 6 H s OH 

+ 

Br? - 

b. 

c*h 6 

+ 

h 2 so 4 — 

e. 

c 6 h 5 oh 

+ 

NaOH — 

c. 

c*h 6 

+ 

HCI — 

f. 

c 4 h 5 oh 

+ 

HCI — 


2. Show how the following compounds can be distinguished by simple chemical 
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tests. Describe the observed differences in 


any reactions that occur. 

a. benzene, hexane, and 2-methyl- 
2-pentene 

b. I-hexanol and phenol 

c. /7-dichlorobenzene and phenol 

d. /7-cresol and cyclohexanol 

e. propionaldehyde and acetone 

f. benzaldehyde and benzoquinone 

g. benzoic acid and benzaldehyde 

h. acetic acid and isobutyl alcohol 


results of each test. Write equations fo> 

i. benzoic acid and /7-cresol 

j. salicylic acid and resorcinol 

k. salicylic acid and benzoic acid 

l. acetic anhydride and propionic 
acid 

m. m-toluidine and/7i-cresol 

n. toluene and nitrobenzene 

o. benzaldehyde and nitrobenzene 

p. benzoquinone and nitrobenzene 


3. Write equations for any reactions that occur in the following mixtures of sub¬ 
stances under moderate conditions. Use structural formulas. Indicate essential 
special conditions. If no reaction occurs, write the formulas of the reagents 
and NR. 


a. /7-xylene + nitric acid 

b. toluene + sodium hydroxide 

c. chlorobenzene + sodium 
hydroxide 

d. o-cresol + sodium hydroxide 
c. u-naphthol + sodium 

bicarbonate 

f. w-cresol + hydrochloric acid 

g. isobutvraldchydc + Tollens’ 
reagent 

h. acetone + Tollens’ reagent 

i. propionaldehyde + acidic potas¬ 
sium dichromate solution 

). butanonc + acidic potassium 
dichromate solution 
k. propionic acid + sodium bicar¬ 
bonate solution 

!. formic acid + acidic potassium 
dichromate solution 

m. //-valeric acid + sodium chloride 


n. sodium butanoate solution + 
calcium chloride solution 

o. sodium benzoate solution + 
dilute hydrochloric acid 

p. propionic acid + water 

q. acrylic acid + dilute sodium 
hydroxide 

r. aniline + water 

s. aniline + dilute hydrochloric 
acid 

t. /7-toluidine + dilute sodium 
hydroxide 

u. phthalimide + dilute sodium 
hydroxide 

v. nitrobenzene + ferrous 
hydroxide 

w. acetone + ferrous hydroxide 

x. benzoquinone + ferrous 
hydroxide 


4. What does the term aromatic imply regarding an organic compound? 

5. Is it correct to say that benzene is saturated? Why? 

6. A student obtained 28.7 g. of product from the mononitration of 30.0 g. of 

benzene. Write the equation for the reaction, indicating conditions. Calculate the 
percent yield of product. 


7. In each lettered statement below the behavior of a hydrocarbon is described. 
C haracterizc the compound in as much detail as the evidence warrants. 

a. A hydrocarbon does not react with bromine when kept dark. It is insolu¬ 
ble in fuming sulfuric acid, 

b. A hydrocarbon gives a gray precipitate when mixed with ammoniacal 
silver nitrate solution. 
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c. A hydrocarbon decolorizes bromine in carbon tetrachloride without the 
evolution of fumes. It does not react with potassium permanganate solution. 

d. A hydrocarbon reacts slowly with bromine in carbon tetrachloride in the 
presence of light, more rapidly when iron is added. The hydrocarbon dissolves 
in fuming sulfuric acid, but not in cold concentrated sulfuric acid. 

8. Each compound to be prepared can be made in one step from the suggested 
starting material. Write equations for the required reactions, including necessary 
special conditions. Use structural formulas for organic compounds. 


a. benzene from cyclohexane 

b. nitromesitylene from the suitable 
hydrocarbon 

c. p-tolucnesulfonic acid from the 
suitable hydrocarbon 

d. benzyl bromide from toluene 

e. sodium phthalate from 0 -xylene 

f. sodium phenoxide from chloro¬ 
benzene 

g. sodium 4-ethylphenoxide from 
4-ethylphenol and the cheapest 
inorganic reagent usable 

h. quinone from hydroquinone 

i. acetone from the suitable alcohol 


j. butyric acid from the suitable 
aldehyde 

k. carbon dioxide from formalde¬ 
hyde 

l. sodium acetate from cheap, 
readily available starting 
materials 

m. benzenesulfonic acid from 
benzene 

n. aniline by a Dow method 

o. a-nitronaphthalene from 
naphthalene 

p. caprylic acid from the suitable 
alcohol 


9. What type of reaction is most characteristic of alkyl halides? Why is this not 
true of simple aryl halides? 

10. Write all of the valence-bond structures of phenanthrene and anthracene 
which do not involve charge separation. Explain qualitatively from these struc¬ 
tures why phenanthrene has a higher resonance energy than anthracene. 

11. A solid with a pronounced odor is suspected of being an arene or a phenol. 
What test will quickly and easily show which the compound is? Describe the 

observations. 

12. Tell all that is shown about the structure of the compound which behaves 
as described in each lettered statement below. 

a. A compound reacts with sodium to give a gas. It does not react with 

sodium hydroxide and contains no halogen. 

b. A compound gives a positive test in elementary analysis for halide. It 
reacts slowly with sodium metal, but does not give a gas. The Baeyer test is 
negative. The compound is soluble in fuming sulfuric acid. 

c. A compound insoluble in water dissolves in dilute sodium hydroxide. The 

compound does not react with sodium bicarbonate solution. Treatment with 
bromine water forms a heavy white precipitate. 

d. A compound reacts slowly with bromine in sunlight, but does not react 
with fuming sulfuric acid. After fusion with sodium, a sample of the compound 
gives a solution that yields no precipitate after dilute nitric acid and dilute silver 
nitrate are added. 

c. A compound soluble in water gives a deep blue color with ferric chloride 
solution. 
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f. A compound reacts slowly with hot, concentrated hydrobromic acid. It 
does not react with sodium. The compound reacts with cold concentrated sul¬ 
furic acid to give water-soluble products. The compound gives negative tests for 
halogen in elementary analysis. 

g. A liquid gives a white precipitate with phenylhydrazine and a black pre¬ 
cipitate with Tollens’ reagent. The compound contains no nitrogen. 

h. A solid gives a new solid upon treatment with hydroxylamine, but no 
reaction with Tollens’ reagent. After treatment of the original solid with aque¬ 
ous sulfur dioxide, its product gives a deep color with ferric chloride solution. 

i. A compound insoluble in dilute acid or base dissolves in concentrated 
sulfuric acid. The compound reacts rapidly with bromine in carbon tetra¬ 
chloride without giving fumes. It decolorizes acidic potassium permanganate. 
The compound gives negative results with sodium and with phenylhydrazine. 
Its elementary analysis shows no sulfur or halogen. 

j. A compound soluble in cold, concentrated sulfuric acid does not react with 
dilute acid or base, sodium metal, potassium permanganate, or hydroxylamine. 
It reacts only slowly with bromine in carbon tetrachloride. The solution in 
sulfuric acid gives the original compound upon dilution. 

k. A lachrymatory oil reacts with dilute sodium bicarbonate to give a gas, 

and with ethanol to give a product with a fruity fragrance. The compound does 

not react with aqueous silver nitrate acidified with nitric acid, cither before or 
after sodium fusion. 


I. A pungent liquid reacts with dilute sodium bicarbonate to give a gas. It 

does not react with ethanol until heated with a little concentrated sulfuric acid 

after which it gives a sweet-smelling oil. The original liquid does not react with 
ferric chloride solution. 


m. A white solid insoluble in water reacts with bromine water to give a dense 

white precipitate. It does not react with sodium bicarbonate, but is soluble in 

dilute sodium hydroxide solution. Llementarv analysis shows sulfur to be 
absent. 


n. A lachrymatory oil reacts with dilute sodium bicarbonate solution to give 
a gas. It reacts rapidly with ethanol to give a fragrant oil. The compound gives 
an immediate precipitate when treated with aqueous silver nitrate solution. 

o. A compound dissolves slowly in water and somewhat mdre rapidly in di¬ 
lute sodium hydroxide solution. Added to ethanol, the compound produces 
heat and a fragrant oil. No precipitate is formed when the compound is shaken 
w ith alcoholic silver nitrate solution. 


13. Explain the lack of carbony l group properties in carboxylic acids. Com¬ 
pare with the lack of olefin properties in benzene. 

U. H °w do the structure and consequent properties of formic acid difTer from 
a I other alkanoic acids? How would oxalic acid compare in properties to other 
alkanedioic acids? Explain the bases of your answers. 

15. Arrange the following compounds in order of increasing acid strength from 
left to right. Benzoic acid. I-hexanol. carbonic acid, phenol, sulfuric acid, aniline. 

16. Three compounds. I. II. and III. were found on the stock shelf in unlabeled 
bottles. All three were soluble in concentrated sulfuric acid and all three reacted 
vigorously with sodium to give a gas. I was soluble in dilute sodium hydroxide 
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solution, but not sodium bicarbonate solution. II was soluble in dilute sodium 
hydroxide and reacted with dilute sodium bicarbonate to give a gas. Ill was in¬ 
soluble in both dilute sodium hydroxide and dilute sodium bicarbonate solutions. 
None of the compounds gave a test for sulfur. 

a. To what class of compound does each belong? 

b. Describe what should be expected to happen if 1% ferric chloride solu¬ 
tion were dropped into mixtures of each of the compounds in water, assuming 
them to be monofunctional. 

17. Write equations, using specific examples, for three different ways to dis¬ 
tinguish between an aliphatic aldehyde and an aliphatic acid by simple chemical 
tests. 

18. Show how to distinguish between an alcohol, a phenol, and a carboxylic 
acid by simple chemical tests. 

a. Assume all to be water-soluble. 

' b. Assume all to be water-insoluble. 

19. Tell all that is shown about the structures of the compounds represented by 
Roman numerals below. If specific compounds are identified, write structural 

formulas for them. 

a. I dissolves in dilute HC1. but not 

in pure water. 

I + II — III rapidly. 

!l + H 2 0 —- IV rapidly. 

II + AgNOj(aq) — white 
precipitate at once. 

II + NH 3 — V rapidly. 

III + dilute HCI — IV + 
solution A. 

Solution A + NaOH — 1. 

IV + CaCOj - C0 2 (g) + VI. 
a white precipitate. 

V + dilute HCI — IV. 

b. I + hydroxylamine -* II. 

I + Tollens' reagent — no 

reaction. 

I + H 2 4- catalyst — III. 


c. 1 + PCI, - II. 

II + Na — 111. 

II + NaCN — IV 
CCl 4 


III + Br> 

dark 

IV 4- dil. HCI - 

V + NaHCO, 


NR 


C0 2 (g) + VI 


I + acetyl chloride — II. 

I + K 2 Cr 2 0 7 + H 2 S0 4 -III. 

slow!) 

II + concentrated NH,- 

IV + 1. 

HI + NH 2 OH - V. 

III + Tollens'reagent — NR. 


HI + CuO - I. 

Ill + cone. H 2 S0 4 — IV. 

III + $OCl 2 — V. 

IV + KMn0 4 solution —— 
colorless solution + brown ppt. 

V + NH, — VI. 

V + Zn + H 2 0 — 
CH,CH 2 CH,. 

VI + C 6 H s COCI + NaOH — 
no reaction. 


e. 


I is an oil insoluble in water. 

I + dilute HCI — II and III. 

II -» CaCO, - CO,(g) 4- IV 

II SOCI 2 - V. 

III 4- SOCI 2 - VI. 

Ill 4- NaOH — NR. 

V 4 - HI — I. 


VI 4- NaOH 


reflux 
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f. I + NaHCOj — II + C0 2 (g) 
I + III 4- h 2 so 4 — IV. 

I + SOCl 2 — V. 

II + V — VI. 

III + V — IV. 

III + VI — IV + I. 

IV + NHj — VII after a 
long time. 

V + NHj —*■ VII very rapidly. 

VI + NHj — VII rapidly. 

VI + H 2 0 — I. 

g. I is slightly soluble in water. 

I + dilute NaOH — NH 3 (g). 

I + dilute HC1 — II. 

I + P 2 O s — III. 

II + NaHCOj solution —* 
C0 2 (g). 


II 4- SOCl 2 IV. 

III + dilute NaOH —*• NH 3 (g). 

III 4- H 2 + Pt — V. 

IV + NH 3 — I. 

V is insoluble in water, soluble in 
dilute HCI. 

V + Zn powder 
CH 3 (CH 2 ) 4 CHj. 

h. I 4 - 2,4-dinitrophenyl- 
hydrazine —► II. 

I 4- Tollens’ reagent —*• silver 
mirror. 

I 4 - H 2 4 - Pt —*■ III. 

III + HNOj — zS - ° 4 ► IV. 

IV 4- Zn 4- HCI — III. 


20. Compare amides with alcohols, amines, and carboxylic acids in respect to 
acidity and basicity. 

21. Explain why imides are acidic. 

22. Compare the structures H—C=N and R—C=N as a basis for neutral 
properties of R—CssN. 



Classical Methods for 

the Determination 
of Structure 


8 -1 . principles of structural proof 

Determination of the structure of an organic compound depends on 
direct evidence such as synthesis and analysis, plus corroboration by 
indirect evidence such as physical properties. Those constitutive physical 
properties introduced in Chapter 9 and discussed more full) in Unit IV 
are usually more convenient and sometimes more effective, in combina¬ 
tion, than the chemical methods. Nevertheless, the physical methods are 
based on studies of large numbers of compounds whose structures were 
elucidated by classical chemical methods in the nineteenth century. Also, 
in the field of natural products, many compounds are so complex as to 
require chemical elucidation as well as physical. Therefore, it is still im 
portant for the organic chemist to have an appreciation for classical proot 

of structure. . ... 

A classical proof is incomplete until both synthetic and analytical data 

indicate the same structure and contradictory evidence, if any, as een 

explained. . . . 

A cardinal principle of early structure studies is the principle ol mini¬ 
mum change. This is based on the concept of the functional group. Since 
many reactions occur at and involve only the functional group, the car on 
skeleton remains unchanged and new groups are found to occupy t e 
same positions as the former groups. Thus, for example, n-propy a co o 
forms /j-propyl bromide, and isopropyl alcohol forms isopropy romi e 

in the usual displacement. 

(1) CH 3 CH 2 CH 2 OH + HBr --A* 0 ---* CH 3 CH 2 CH 2 Br + H 2 0 

n-propyl alcohol x n-propyl brom.de 

(2) CH 3 CHCH 3 + HBr — CHjCHCHj + H 2 0 



OH 

isopropyl alcohol 


Br 

isopropyl bromide 
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This principle allows the chemist to convert a compound of unknown 
structure into a related compound of known structure and thereby ascer¬ 
tain the nature of the carbon skeleton and the positions of the functional 
groups in the unknown compound. 

Unfortunately, the principle of minimum change applies reliably only to 
a limited number of reactions, although for a much larger number it may 
be tentatively assumed until contrary evidence shows otherwise. Certain 
reactions applied to certain types of structures, notably those with dis¬ 
placeable groups on primary or secondary carbon atoms adjacent to chain 
branches, are inclined to effect rearrangements. These are reactions in 
which one or both of the stipulations of the principle of minimum change 
are violated, as in the following examples. 

(3) qh 5 —ch—ch 2 —sc 4 h 3 + ch 3 co 2 h — 

Cl 



) -chloro-1 -phenyl-2-phenylthioethane acetic acid 

r QH S —ch—ch 2 —sc 6 h 5 ") 

o— cch 3 


< 


o 

1 -phenyl-2-phenylthioethyl acetate 

sc 6 H 5 


> + HCI 


QHj— ch—ch 2 —o—cch 3 

II 

O 

2-phenyl-2-phenylthioethyl 
acetate (positions changed) 



CHjCH^H + HCOj - 



neopentyl p-tolueneu/lfonote 


ethanol 



CH 3 C—CH 2 CH 3 + 
OCH 2 CHj 

ethyl 3*-omyl ether 
(skeletol rearrangement) 


HtO + CO* + 



P'toJoenesutfofKite ion 


Although at first rearrangements surprised and troubled organic chem¬ 
ists they are now well understood, anticipated, and evincing in their own 
right for particular types of structures. 
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Those types of chemical conversions most useful to structural proof 
are synthesis from smaller, known units, degradation to smaller units of 
known or more easily determinable structure, and displacement or de¬ 
rivative formation to relate one structure to another known one. Many 
of the simplest structures can be based entirely on valence rules. 


8-2 TYPICAL CLASSICAL PROBLEMS AND THEIR SOLUTIONS 

In the following sections, examples are used to illustrate some of both 
the most fundamental and the most challenging uses o c assica me 


A. Unique Compounds 

Those simple cases in which isomerism is impossible can be so ve y 
application of valence rules and form the starting point or ot er 
tural proofs. Three examples may suffice to show the argument. 

1. Determine the structure of C 2 H 6 . This molecule consists of six 
univalent hydrogen atoms and two tetravalent car on a oms. 
hydrogen can be connected only to one other atom, t e car ° 
must be connected to each other, and the hydrogens to t eir o 

able valence points. 

K H H 

2 —C— + 6H = H-C-C-H 

I l H 


2. Determine the structure of CH 2 0. Again tw0 mu,tiva, 2l a n \ 0 hvdro- 

present, which must be connected together. However, insu . 

gen atoms are present to satisfy all of the remaining va c P 
carbon and oxygen. Therefore, these two atoms must sa is y 

by additional bonds. 



Sometimes slight additional evidence can be used to establish 


biguous case. 

3. Determine the structure of CH 2 0 2 , formic aci . 
ciples, two are possible. 


By the above prin- 



Structure I does not explain the acidic properties of formic ac ' d ' s,n “ 
hydrogen on carbon is not usually acidic (§7-1B). Structure is e er 
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this regard, since hydrogen on oxygen often shows acidic properties. Fur¬ 
thermore, I has a peroxide group (—0—0—), which has strong oxidizing 

properties in those compounds known to contain it (e.g., H—O—O_H, 

Na ’0?). Formic acid has no tendency to be an oxidizing agent. Here 

again, formula II is better and is chosen as the correct formula for formic 
acid. 


B. Structure by Analogy 

The principle of homology is very useful for structural analysis. The 
cases of isomeric ethyl alcohol and methyl ether, both C 2 H 6 0, are easily 
disposed in this way. The two structures are III and IV. 



H—c—C—O—H 


H H 


H H 

I I 

H—C—O—C —H 

I I 

H H 


One of these is a homolog of methyl alcohol, a unique structure for 


H 

I 

H—C—O—H 

! 

H 

methyl alcohol 

CH 4 0. A comparison of the weakly acidic properties (e.g., evolution of 
hydrogen when treated with sodium metal) and relatively high boiling 
points of ethyl alcohol and methyl alcohol suggests III rather than IV for 
ethanol, since the same group with possible acidic hydrogen, OH, occurs 
in both. The ether, both more volatile and nonacidic, fits IV better. 

To corroborate argument by analogy, independent chemical conver¬ 
sions may sometimes be used. When acetic acid, C 2 H 4 0 2 , is chlorinated, 
a monochloro, dichloro, and trichloro derivative, respectively, C 2 H 3 0 2 C1, 
C 2 H 2 ° 2 CI 2 , and C 2 H0 2 CI 3 , can be formed, all with acidic properties;’ 
the fourth hydrogen cannot be replaced by the most drastic or prolonged 
treatment with chlorine. However, thionyl chloride converts acetic acid to 
acetyl chloride, C 2 H 3 OCI, with entirely different properties, and with one 
hydrogen and one oxygen together replaced by chlorine. The student 
should be able to show how this supplements the homology to formic 
acid in proving the accepted structure for acetic acid. 


C. Structures of Ethers and Esters by Cleavage and Synthesis 

The simple examples given below may seem so obvious as to appear 
trivial, but the method illustrated in them has been very important to the 
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establishment of ether or ester groups in complex compounds such as the 
alkaloid codeine, the vitamin biotin, and the flavoring essence eugeno . 

Three ethers with the formula C 4 H 10 O exist (the isomeric alcohols hav¬ 
ing been eliminated by homologic reasoning). They are listed belovs. 


CH 3 —O—ch 2 ch 2 ch 3 

methyl n-propyl ether 


ch 3 —o—CH(CH 3 ) 2 ch 3 ch 2 —o—ch 2 ch 3 

methyl isopropyl ether e,her 


That compound prepared from sodium *-propoxide (structure inde¬ 
pendently determined) and methyl iodide (unique) and which gives melhy 
iodide and n-propyl iodide upon cleavage with hydrio ic aci wou 
obviously seem to be methyl n-propyl ether, and, since no rearrangemen s 
are found to occur in these particular reactions, the o vious is, in 

(5) ch 3 i + ch 3 ch 2 ch 2 o _ — ch 3 och 2 ch 2 ch 3 + I 


n-propoxide ion 


( 6 ) CH 3 OCH 2 CH 2 CH 3 + 2 H 3 0 + + 2I _ — 

CH 3 I + CH 3 CH 2 CH 2 I + 3 h 2 o 

case, vindicated. Analogous data establish the remaining structures 

their respective compounds. . . .. , , • 

For esters, once the structure of the ester function is established, sim 

synthesis and cleavage methods serve to prove overa structures, 

the two C 3 H 6 0 2 isomers (outline 7 and its complement). 


CH 3 —C—O—CH 3 

o 

methyl acetote 


H — c — o — ch 2 ch 3 

II 

o 

ethyl formate 



CH 3 COH + 

II 

O 

ch 3 oh 

NaOH 

—-—- ch 3 coch 3 - 


0 

acetic acid 

methanol 

methyl acetote 

(known structure) 

(unique) 


CH 3 CO-Na + + 

CH 3 OH 


0 




sodium acetate 
(known structure) 

The independent structure determination of the n-propoxide and iso 
propoxide ions was required in one of the above examp es an c 
lated iodides implied in the same example. These can e re a e 
corresponding alcohols, which are established by oxidation an re uc i 
reactions. One of the alcohols forms a carboxylic acid, C } H 6 2 • y rea 

ment with a dichromate in acid; the other forms a ketone, C 3 6 (since 1 
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is not easily oxidized further, §7-3B). The latter alcohol is regenerated by 
hydrogenation of the same ketone. The alcohol which is oxidized to an 
acid is prepared when propionaldehyde, C 3 H 6 0, is hydrogenated; pro- 
pionaldehyde forms the same acid, C 3 H 6 0 2 , by oxidation. These data 
should enable the student to show how the accepted structures for n- 

propyl ajcohol and isopropyl alcohol are established for the correspond¬ 
ing actual substances. 

D. Olefin Structures 

The position of the double bond in an unsaturated compound can be 
readily established if the molecule can be selectively cleaved at the double 
bond and the fragments identified. Oxidation by permanganate can some¬ 
times be used, but fails to give unambiguous results for certain cases. 

Much better results are obtained in nearly all olefins and acetylenes by 
treatment with ozone and hydrolysis of the product ozonide. 


(8) CR 2 =CHCH 2 CH 3 + o 3 



HCH 2 CH 3 



or 


1 -butene 


?—R 

ch 2 chch 2 ch 3 + 
cr 


3 -ethyl-1,2,4-trioxolone 
(a-butylene ozonide) 


H 2 Oj HCOH + 

II 

o 

formic acid 


ch 3 ch 2 coh + 
o 



propionic acid 


( 10 ) 


p-o 

ch 2 chch 2 ch 3 + h 2 

\ / 

o 


Ni 

H 2 0 


ch 2 o + 


ch 3 ch 2 ch=o 



formaldehyde 


propionaldehyde 



CH 3 C CH + 0 3 + HjO — CH 3 COOH + HCOOH 


propyne 


acetic acid formic acid 


(12) H 2 C=C=CH 2 



H J; Ni 



2 CH 2 0 + C0 3 


allene 


2 HCOOH + C0 2 
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Perhaps it should be pointed out that ordinary addition reactions can 
give no direct evidence for the position of the double bond. For example, 
the different dibromides, isomers of C 4 H 8 Br 2 , obtained from 1-butene 
and 2-butene are indistinguishable structurally without further extensive 
investigation; indeed, the best way to prove the structures of these dibro- 
mobutanes is to establish the structures of the butenes from which the> 
can be prepared and to which they revert on treatment with zinc. 

(13) Br—CHj—CHBr—CH 2 CH 3 + Zn — CH 2 =CHCH 2 CH 3 + ZnBr 2 
1 ,2-dibromobutone 1-butene 

E. Functional Isomers 

Certain isomers differ in the position of attachment of atoms within the 
functional group to a hydrocarbon group, as in the case of nitro com¬ 
pounds and nitrites. 

/°] 

R—N® f© R— o— N=0 

V 

nitro compound alkyl nitrite 

It is usually a simple matter to establish the point of attachment by a 
reaction which cleaves off all of the group but the atom attached to 

carbon. In this case, reduction is effective. 

(U) (CHj) 2 CHCH 2 CH 2 —N0 2 + 3 Zn + 7 H + — 

3-methyl-l -nitrobutano 

(CH 3 ) 2 CHCH 2 CH 2 NH 3 + + 3 Zn 2+ + 2H 2 0 

isoamylammonium ion 
(identified os the related amine) 

(!5) (CHj) 2 CHCH 2 CH 2 —0N=0 + 3 Zn + 7 H + — 

isoamyl nitrite 

(CH 3 ) 2 CHCH 2 CH 2 OH + NH 4 + + 3 Zn 2+ + H 2 0 

isoamyl alcohol 

Since the nitrogen atom from the nitro group remained, and the oxy¬ 
gens were removed, the attachment of the nitro group by nitrogen in the 
original compound is suggested (but not conclusively proved wit out 
corroboration). A similar argument suggests attachment of the nitrite 

group by oxygen to the carbon. 

The danger of oversimplification without corroborative evidence is in¬ 
dicated by the result of fusion of an arenesulfonate with sodium hydrox¬ 
ide, which suggests presence of an oxygen atom between sulfur and 

carbon. 
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1 -naphthalenesulfonat© 
ion 


1 -naphthoxida ion 
(identified upon acidification 
to cr-naphthol) 




Contrary evidence from reduction of a sulfonic acid derivative indi¬ 
cates that the sulfur atom, not oxygen, is attached to the ring, outline (17). 



l-naphthalenesulfonic 1 -naphthalene- a-thionophthol 

ac,d iolfonyl chloride (l-naphthal«ne»hiol) 




F. Structural Ambiguity: Tautomerism 

Of the three possible structures corresponding to C 2 H 4 0, one can be 
established as belonging to the gas ethylene oxide. The problem is to 
assign a structure to acetaldehyde, V or VI. 



ethylene oxide 


CH 2 =CH—OH CH 3 —CH=0 


V 


VI 


One would expect V to evolve hydrogen by reaction with sodium and 
to add bromine rapidly. Acetaldehyde is reduced by sodium, but gives 
little hydrogen. It is rapidly substituted by bromine when acid is present. 
This may not be inconsistent with V, since the dibromo adduct may well 

be unstable (eq. 18 ). Substitution would also be expected of VI. 


(18) Br 2 + CH 2 = CH — OH — 
Br CH 2 CH=0 + HBr 


Br —CH 2 —CH 




OH 


Br 


(19) Br 2 + CH 3 CH=0 — BrCH 2 CH = 0 + HBr 

Controlled oxidation of ethanol gives acetaldehyde. This logically 
would indicate VI, as the more acidic hydrogen on oxygen would be 
expected to participate, rather than that on the methyl group. 

Evidence from synthesis is contradictory. Addition of water to acety¬ 
lene, hydrolysis of vinyl chloride, and cleavage of vinyl ether all would 

be expected to give V (outline 20); acetaldehyde is the product in each 
case. 
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H—C=C—H + 

ac*tykne 

CH 2 =CH—Cl + 

vinyl chlorid* 



/ 


vinyl alcohol 
(hypothetical) 


CH 2 =CH—o—CH=CH 2 + HI 


+ HCI 

+ ch 2 =ch—I 


vinyl ether 

On the other hand, hydrolysis of ethylidene chloride clearly should 
give VI (eq. 21). Again, acetaldehyde is the product. All of these attempts 
to prepare a compound of either structure, V 01 VI, end with the same 
compound, acetaldehyde. 


(21) CH 3 —CHCI 2 + HjO 12 —CHjCH—O + 2 HCI 

ethylidene 

chloride 

The resolution of this dilemma is that the isolated material has both 
structures. They are in equilibrium with each other, an equilibrium so 
rapidly achieved that separation of the isomers is impossible at 20 . This 
phenomenon is called tautomerism (Gk., to auto , the same, and meros . 
parts) or prototropy (Gk., tropein, to turn, + proton). Tautomerism also 
includes shifts of atoms other than hydrogen. Tautomerism should not 
be confused with resonance, or mesomerism, in which no atoms change 
positions, and no equilibrium is involved, but only a single hsbrid species 
with electron delocalization exists. 

If acetaldehyde (and presumably its homologs with structures 
RzCH— CH=0 and R 2 C=CH —OH) is an equilibrium mixture, how 
can it be represented by a single formula? If one structure greulh out 
weighs the other, it is satisfactory to use the formula of the more abundant 
structure, just as H 2 0 represents a mixture of H 2 0 and H,0 4 0H . but 
mainly H 2 0. The chemical properties of tautomeric acetaldehyde re¬ 
semble those of nontautomeric formaldehyde and benzaldehyde more 
than they do true ends, such as phenol, in which the C=C—OH struc¬ 
ture is demanded by benzene ring resonance. 


H h 

\ / 

C 

II 

o 

formaldehyde benzaldeh^fle 
(no a hydrogen) (no a hydrogen) 



phenol 





\ 


Studies at low temperatures indicate that, indeed, aldehydes 
take up bromine after a definite small portion of bromine is 


are slow to 
absorbed. 
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The uptake is related to the amount of enol present, which appears to be 
less than 1%. This and other related data, including the close similarity 
in reactions of all aldehydes, lead us to choose the formula VI to represent 
acetaldehyde, but with the fact in mind that the enol (e.g., vinyl alcohol) 
structure is necessary to explain a few of the properties of aldehydes of 
the type RR'CH—CH=0. The equilibrium between tautomers is repre¬ 
sented by eq. (22). Ketones with a-hydrogen are also tautomeric. 

(22) RR'CH—CH=0 — RR'C=CH—OH 

G. Mesomeric Structure: Resonance and the Benzene Problem 

The newly formed structure theory of Kekuld (1857) received its sever¬ 
est test almost immediately with the case of benzene. Although this was 
resolved (1872) as a supposed equilibrium, it was not until quantum 
theory and the concept of resonance had been applied that all of the 
properties of benzene were explained in terms of its structure (§7-3A(l)). 

At the time Kekule first proposed a structure for benzene (1865), it was 
by no means clear that the structure involved a six-membered ring. Dif¬ 
ferent chemists proposed a variety of structures (Fig. 7-4); some of them 
attempted to apply vague and questionable valence concepts to explain 
the peculiar properties of the benzene ring. 

The structure of benzene remained a problem until X-ray diffraction 
studies and ultraviolet spectral interpretations showed conclusively that 
the carbon skeleton of benzene is, indeed, a regular hexagon, that all six 
C—H bonds are identical, and that all six C—C bonds are identical. 
Benzene can be said to have a nonclassical structure, 1 since classical struc¬ 
tural methods proved inadequate to define its structure, and classical 
valence theory was incapable of describing its structure. 

Other aromatic compounds show similar mesomerism; naphthalene has 
three Erlenmeyer structures that correspond to the Kekule structures of 
benzene, but none of the three is real, as the molecule is, like benzene, a 
resonance hybrid. 



H. Isomer Number Methods 

Data regarding the number of isomers produced by substitution in a 
compound, or regarding the numbers of isomers that form a compound 

What is considered nonclassical depends on the historical viewpoint. Chemists now talk 
about nonclassical aromatic systems. Each generation of chemists considers as “nonclassi¬ 
cal” its own harvest of unexpected, pattern-shattering phenomena. 
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by removal of substituent groups, can sometimes be useful for discrimina¬ 
tion between structures. 

The pentane which boils at 9.5° gives a single monochloro derivative, 
CjHuCl. That which boils at 27.9° gives four monochloro derivatives. 
That which boils at 36.1° yields three monochloro derivatives. From the 
outlines below the structure of each of the isomeric compounds with 
specified properties should be apparent. The products were originally 
isolated by careful distillation, but now vapor phase chromatography 
provides a more sensitive method of separation. 


(23) CHj—CH 2 —CH 2 —CH 2 —CH 3 + Cl 2 

n*p*fiton« 


ch 3 ch 2 ch 2 ch 2 ch 2 ci 

1-<hloropentone 

ch 3 ch 2 ch 2 chch 3 


Cl 

2-<hlorop«nton« 

ch 3 ch 2 chch 2 ch 3 


Cl 

3<hlorop«ntane 


(24) CH 3 — CH— CHj—CHj + Cl 2 — 


ch 3 

itop«ntan« 


ch 3 chch 2 ch 2 ci 


ch 3 

4 -<hlofo- 2 -mothylbotone 

ch 3 ch—ch 2 ch 3 


ch 3 Cl 

3-chloro-2-m«thylbuton« 

Cl 

CH 3 —C—CH 2 CH 3 

ch 3 

2-chlora-2-m«thylbuton« 
Cl—CH jCHCHjCHj 


CHj 

1 -<hloro-2-m«lhylbuton« 
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CH 


(25) CH 3 C—CH 3 + Cl 2 

■ • 

ch 3 

neopentane 


ch 3 

ch 3 —c— ch 2 —Cl 


ch 3 

1 -chloro-2,2“dimethyl- 
propane 


The isomer number method, called the Kdmer-Griess-Salkowsky 
method from its early users, or the absolute method , has been widely ap¬ 
plied to the problem of positional isomerism in benzene derivatives. In 
principle, disubstituted benzene derivatives give different numbers of 
products upon introduction of one more substituent group. In actual fact, 
fewer products are often formed in amounts great enough to be isolated 
than theoretically would be anticipated, due to internal influences which 
assure that most ol the substitution will occur at favored positions. Thus, 
the results of substitution studies must be interpreted with caution (see 
outlines 26-28). 


(26) 


(27) 


Br 


Br 

Br 

.Ab, 


- \ „ Br 

X Br 

6 fOT 2 - 

HNOj 

C Vi 


5 3 

h 2 so 4 


4 


“no 2 

T 

no 2 



(nitro on 

(nitro on 



position 3 or 6) 

position 4 or 5) 

Br 

Br 

Br 



Br 



5 1 


Br 




but not 



Br 




NO* 

m -dibromo- 

(nitro on 

(nitro on 

benzene 

position 2) 

position 4 or 6) 


degraded in severa 

1 steps ^ '' 

(28) 



Br 

Br 

1 


6 2 

/kN° 2 


[7)1 hno 3 

¥ 


5 3 h 2SO. 


4 T 

y 


Br 

Br 


p-dibromo- 

(nitro on any 


benzene 

open position) 



(nitro on position 5 — 
obtainable only indirectly) 
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Removal of a group from all known isomers of a compound is more 
reliable, provided that the theoretical number of isomers is known (out¬ 
lines 29-31). 



CO,H 



I. Degradation in Complex Structures 

The importance of degradation to structural analysis can be illustrated 
in a part of the evidence used to establish the structure of nicotine, the 
niain alkaloid in tobacco. Oxidation of nicotine with alkaline perman¬ 
ganate and neutralization of the product gives nicotinic acid (which is of 
interest in its own right, as it is a B vitamin). 
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nicotine 


nicotinic odd 


The nicotinic acid can be further degraded, by heating with cupric oxide, 
to pyridine. 


O 

II 



pyridine 


These degradations establish that nicotine and nicotinic acid are substi¬ 
tuted pyridines. Other reactions may be used to establish the position of 
the carboxyl group in nicotinic acid (and thus the remainder of the mole¬ 
cule in nicotine) and to elucidate the nature of the C 5 H I0 N group in 
nicotine. 


QUESTIONS AND PROBLEMS 

1. Does structural analysis by isomer number constitute proof of structure? 
Explain. 

2. Show whether the butanes can be distinguished structurally by their mono¬ 
halogen derivatives. Explain, with formulas. 

3. The five hexanes have the following properties. 



Boiling Point. *C 

Number of Monohalogen Derivatives 

1 

49.7 

3 

II 

58.1 

2 

III 

60.3 

5 

IV 

63.3 

4 

V 

69.0 

3 


a. Write the equation for the chlorination of hexane, using molecular for¬ 
mulas. 

b. Write structural formulas for all of the hexanes. 

c. Write structural formulas for all of the monochloro derivatives of each 
hexane. Check that there are no duplications by giving their IUPAC names. 

d. Write out the structures which cannot be distinguished by the number 
of their monochloro derivatives. 

e. Write the structure for II, III, and IV. 
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4. Show how ozone can be used to differentiate structurally between 2-hexene 
and 3-hexene. How suitable would an ordinary addition reaction, such as brorni- 
nation, be for this purpose? (Think in terms of what one may readily observe in 
the laboratory, not paper differences.) 

5. Explain why it was difficult to assign a structure to benzene in agreement 
with its properties. 

6 . If valence-bond structures have no reality in a resonance-delocalized system, 
why are they used? What is a resonance hybrid? By comparing acetic acid and 
acetate ion, explain why formulation of a resonance hybrid proves to be difficult. 

7. Why is it objectionable on theoretical grounds to formulate acetic acid 
with a valence-bond structure, but not as objectionable so to formulate acetalde¬ 
hyde? 

8 . Determine the structural formulas of the benzene derivatives thaf give the 
following data. Write the common and IUPAC names of the hydrocarbons. 

KMn0 4 

a - CgH| 0 * CgH 6 0 4 

Fc 

The same C 8 H io + Br 2 -* mixture of two isomers, C„ H 9 Br 

KMnOi 

b. C 9 H | 2 -—c 8 h 6 o 4 

u 

Fc 

The same C 9 H i 2 + Br 2 -- mixture of four isomers, C 9 H M Br 

Fc 

ThcC 8 H 6 0 4 + Br 2 -* mixture of two isomers, C 8 H<0 4 Br 


C. C 9 H|2 


K Mn 0 4 
A 


c 9 h 6 o 6 


The same C 9 H |2 + Br 2 -► a single product, C 9 H M Br 


d. C 9 H I2 


KMn0 4 

A 


C 7 H 6 0 2 


ThesamcC 9 H | 2 + Br 2 -* mixture of three isomers. C 9 H M Br 

The same C 9 H |2 + Cl 2 —- ' Bhl * mixture of two isomers, C 9 H,, Cl 

„ KMnO, 

e. C , 0 H , 4 ---► C„H 6 0 4 

•A 


The same C , 0 H | 4 + Br 2 -* mixture of three isomers. C| 0 Hu Br 

Fc 

ThcC 8 H 6 0 4 + Br 2 -* mixture of three isomers, C* H 5 0 4 Br 

9. Give analytical and synthetic evidence to show that toluene has the structure 
of methylbenzene. 

10. Why arc only two compounds with the molecular formula C 2 H 4 0 capable 
of isolation? 
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II. Show how the structures of the following ethers can be established by 
cleavages and by synthesis from alcohols, phenols, and halides. 

a. the three C 4 H, 0 O isomers b. the two C 6 H 5 (C 2 H s O) isomers 


12. Write the structural formulas for and name the ethers identified by the 
following data. Use a handbook to look up the physical properties. 

a. Ether, b.p. 33-35°, on treatment with HI gives a single iodide, b.p. 71-72°. 

b. Ether, b.p. 59-60°, on treatment with HI gives products collected at 41- 
44 c and 119-121° by distillation. 

c. Ether, b.p. 150-154°, on treatment with HI gives a volatile compound, 
b.p. 42-43°, and a compound containing no halogen, b.p. 175-181°. 

d. Ether, b.p. 203-208°, insoluble in dilute sodium hydroxide solution, on 
treatment with HI gives a volatile compound, b.p. 43-44°, and a water- 
soluble compound which, on evaporation, forms crystals, m.p. 101-103°. Re¬ 
crystallization of the solid from water gave a purified material, m.p. 103-104°. 

13. Which of the structures below would be unlikely to be isolated as such? 
Why? 


H— C=C—O— O— 


H—C=C—OH 


H H 


H OH 


H H 

I I 

H—C—C—O 

i, V 


c=o 

I 

OH 


H H H H 

I II I 

HO—C=C—OH 0=C—C—OH H—C—C—H H—C—O—C—O 

•I II II II 

H H H H 0—0 H H 

H H 

I I 

H—C—C—OH 

V 


14. Which of the structures in Question 13 would be expected, if they could 
be isolated, to be notably acidic? Why? 

15. \\ rite equations for reactions which show that the oxygen atom connecting 
the ac\ l groups in an anhydride is attached to both carbonyl groups, not to some 
other part of the molecule. 

16. Interpret the data given in $8-2B concerning reactions of acetic acid. Write 
equations. 

17. Write equations for the reactions mentioned in §8-2C as evidence for 
structures of /i-propyl and isopropyl alcohols. Show how these reactions es¬ 
tablish the respective structures. 

18. Show how the structures of methyl isocyanide, CH, — N=C, and acetoni¬ 
trile, CHj—C=N, can be differentiated. A mixture of both is obtained by reac¬ 
tion of methyl iodide with silver cyanide. 


H 

I 

H—C—O 

I I 

o—c—H 
I 

H 




Structure and Physical 
Properties 


9-1 SIMPLY DETERMINED PROPERTIES 

Such properties as melting points, boiling points, specific gravities, and 
solubility relationships can be determined with “common'" apparatus such 
as thermometers, ordinary glassware, and a chemical balance. Add a re- 
fractometer and one can readily obtain a truly constitutive property, the 
refractive index, with remarkable ease from a drop or so of sample. 

Although there are rough relationships between chemical structure and 
the first four mentioned properties, perhaps sufficient to justify their brief 
discussion, the relationships are so crude as to have little value for the 
determination of structure. The common properties do give some infor¬ 
mation regarding the gross molecular nature of compounds as well as 
means of identification, estimation of purity, and separation of sub¬ 
stances. 

A. Boiling Points and Melting Points 

Nonpolar compounds such as the alkanes, and slightly polar com¬ 
pounds without hydrogen bonding possibilities, such as alkyl halides, 
ethers, and tertiary amines, follow essentially the boiling point relation¬ 
ship to molecular weight shown in Fig. 9-1 A. Such a curve indicates rela¬ 
tively low attractive forces between molecules of the compound. The 
bromides and iodides are even lower boiling than the alkanes of the same 
molecular weight because of the high masses of the bromine and iodine 
atoms (big. 9-IB). The smaller the number of atoms in a molecule of a 
given molecular weight, the larger is the proportion of its internal energy 
that goes into molecular velocity. 

Hydrogen bonding greatly increases the attractive forces between mole¬ 
cules, hence requires higher energy content, thus higher temperatures for 
boiling to occur. Since boiling is a process of separation of molecules 
from the close but random packing of the liquid to the widely spaced, 
freely moving gas slate (at atmospheric pressure), work must be done 
against the attractive forces to bring about boiling. This work influences 
mainly the heat of vaporization, but indirectly influences the boiling 
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° K 



Fig. 9-1. Boiling Points of Various Continuous-Chain Aliphatic Organic Com¬ 
pounds. 

point, since the molecules must reach a certain energy content to achieve 
vapor pressure just in excess of that of the atmosphere. 

The consequences of hydrogen bonding are apparent in the boiling 
points of alcohols (Fig. 9-1C) and primary and secondary amines (Fig. 
9-IE) and are especially evident in the boiling points of carboxylic acids, 
(Fig. 9-1 D) and amides (Fig. 9-1F). 

Carboxylic acids form hydrogen-bonded dimers, even in relatively di¬ 
lute solution in nonpolar solvents. The molecular weight of acetic acid 
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determined by freezing point depression in benzene, for example, is 120, 
not 60. The structure of the dimer given below has been confirmed by 
electron diffraction studies (Chapter 36). Dimeric amides could be pos¬ 
sible, too, but the presence of the second hydrogen atom on nitrogen. 
trans to the carbonyl oxygen, provides the possibility of formation of 
chain polymers. These seem to be the preferred form for most amide 
associations and serve to explain why amides have higher boiling points 
even than the related carboxylic acids. In the vapor phase, both acids and 
amides exist partly in monomeric form and partly in associated form. 


CH 3 - 


// 


O-H—O 


\ 




o—H 


// 


c —ch 3 


acetic acid dimer 


H 


CH 3 

n A / h ’ 

o N X 


.O. N 

V./ \ 

C H 

CH, 


H 


portion of acetamide polymer 


Simple aldehydes and ketones cannot form hydrogen bonds in their 
pure states, but are strongly polar, hence show boiling points higher than 
alkanes, but not as high as those of hydrogen-bonded compounds of the 
same molecular weights (Fig. 9-2A). Polarity is also responsible for 
relatively high boiling points of nitriles (Fig. 9-2B). Nitrile polarity 
effects exceed even the effects of hydrogen bonding in alcohols. 

Melting points are conspicuously dependent upon the symmetry and 
packing qualities of the molecules, as well as their attractive forces. Melt¬ 
ing disorganizes a symmetrical array of molecules, in which attractive 
forces are maximized, to a more random, mobile array. Some work must 
be done to separate the points of attraction of the favorably oriented 
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Fig. 9-2. Boiling Points of Continuous-Chain Aldehydes and Nitriles 
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molecules as these molecules move to more random positions, even 
though the overall molecules may not be much farther apart. Again, 
much of this work influences the heat of fusion, but the melting point is 
indirectly influenced, since the molecules must achieve a state of thermal 
agitation sufficient to overcome the attractive forces before disorganiza¬ 
tion (melting) can occur. 

The effects of molecular symmetry are illustrated in the following series, 
arranged in order of increasing symmetry and compactness of molecules: 


ch 3 ch 2 ch 3 
\ / \ / 
y CH CH 2 

ch 3 


ch 2 ch 2 ch 3 

CH 3 CHt CH 2 


iiohexane (119.4*K) 


n-hexone (177.8*K) 



T° K 
500 


i—i—i—i—i—i—i—r 


300 • 



0°C 


0°C 


D alkanomides 

J_1_I_L_l_1_i_i_I_J_L 

00 200 300 

MOLECULAR WEIGHT 

Fig. 9-3. Melting Points of Various Continuous-Chain Organic Compounds 
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Similar considerations are responsible for the alternation in melting 
points of normal alkanes (Fig. 9-3A). Even-numbered alkanes, C : , H 4 „. ; , 
pack more closely into a crystal lattice than odd-membercd ones, 
C 2 * + iH 4f , + 4 (Fig. 9-4). Such alternation is accentuated in compounds 
with polar or hydrogen-bonding groups (Fig. 9-3B, C, and D). The effect 
is especially strong in the series of alkanedioic acids (Fig. 9-3C). 

B. Solubility in Water 

Molecules with weak associative forces easily intermingle. Thus, non¬ 
polar, nonhydrogen-bonding molecules are usually highly soluble in each 
other. Molecules with strong associative forces exclude those with weak 
associative forces. Penetration of nonassociative molecules into a matrix 
of strongly interacting molecules, such as water, w ould involve w ork in 
the separation of some of the attractive centers, hence is energeticall) un¬ 
favorable. On the other hand, when there is association between mole¬ 
cules comparable in strength to that between like molecules, intermingling 
is again energetically favorable and solubility results. 

With water as the solvent, the forces that must be matched are strong 
hydrogen bonding forces between water molecules. Almost the only 



Butane Propane 


Fig. 9-4. Diagram of Crystal Packing in Even and Odd Hydrocarbon 
Molecules. 
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forces strong enough to match these in association between water and 
other molecules are also hydrogen bonding forces. (If the solute forms 
ions in water, this also provides strong attractions for water molecules.) 
Thus, those compounds with atoms (N, O) that can attract the hydrogen 
ends of water molecules strongly and those with groups (OH or NHR) 

that can attract the oxygen atoms of water molecules strongly tend to 
be soluble in water. 

Organic molecules contain, as well as hydrogen-bonding groups, non- 

associative hydrocarbon groups. The larger these hydrocarbon groups, 

the more associations between water molecules are disrupted to bring the 

organic molecule into solution, and the greater the tendency to exclude 

the molecule. Thus, solubility, like other physical properties, is directly 

related to the overall composition of the solute molecule. In homologous 

series of monofunctional compounds with hydrogen-bonding groups, the 

logarithm of the solubility in water is linearly related to the molecular 
weight (eq. 1). 

(1) log $ = o - fan 

s = solubility, moles/liter 
o and b = constants 

n = number of carbon atoms in a solute molecule 

At 20 , a = 2.7 ± 0.2 and b = 0.65 for liquid alcohols, ethers, alde¬ 
hydes, ketones, carboxylic acids, and amides with unbranched chains. 
Typical solubility relationships are given in Fig. 9-5. 

When the solid phase is in equilibrium with the dissolved phase, intra- 
crystalline forces complicate the relationship. The alkanedioic acids with 
even numbers of carbon atoms pack more tightly in the crystalline state 
than those with odd numbers of carbon atoms (see §9-1 A). This results in 
separate logarithmic relationships for the even series and the odd series, 
m which the odd-membered acids are much more soluble at comparable 
molecular weights than the even (Fig. 9-5C). 

9-2 BRIEF SURVEY OF CONSTITUTIVE PROPERTIES 

A good background in physics is desirable for a rigorous treatment of 
such constitutive properties as dipole moments and^spectra. However, 
these properties arc ot fundamental value to a study of organic com¬ 
pounds and their reactions. Therefore, these topics are introduced briefly 
here, with minimum theoretical discussion, so that data obtained by in¬ 
strumental methods can be utilized where appropriate. Unit IV, which 
comes late enough in the book to allow experience with principles of 
physics to intervene, goes more deeply into these topics and discusses 
their theory and their instrumentation. 
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f'9- 9-5. Solubilities of Various Continuous-Chain Organic Compounds in 

Water at 20°. 


A. Electromagnetic Absorption Spectra 

Two types of spectra of molecules are of great value to the organic 
chemist. One type occurs in the ultraviolet to visible region of electro¬ 
magnetic radiation (wavelengths of 200 800 millimicrons, ni/x). the other 
in the infrared region (2- 16 microns, /x) The 200 800 m*x region includes 
absorption spectra due to electronic transitions. These are encrg) changes 
in a molecule in which an electron is excited from a ground-state MO to a 
higher-energy unoccupied MO. 

One of the most common absorbance transitions in this region is the 
n tt* transition of a multiple bond. In this, an unshared electron on 
one of the atoms at a multiple bond is excited to the lowest unoccupied 
tt* MO. Since many energy levels of molecular vibrations are associated 
with each electronic state, the spectra obtained are band speefra, not line- 
spectra, which are read on the instrument as a series of “peaks” and 
valleys.” Fig. 9-6 shows the ultraviolet spectrum of acetone. The ab¬ 
sorbance around 280 m*x is due to an // --*■ tt* transition. The wavelength 
of the maximum of absorbance is related to the transition energy for the 
electronic excitation and the intensity of absorbance is related to the con- 
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Fig. 9-6. Ultraviolet Absorption Spectrum of Acetone, 0.5% in 
Cyclohexane. *• 


centration of electrons which undergo the transition. After solution con¬ 
centration effects are taken into consideration, the intensity of absorbance 
is related to the probability that the transition will occur upon interaction 
of the susceptible group with a photon of the correct energy and to the 
number of susceptible functions in the molecule. For example, 2,5- 
hexanedione absorbs more strongly than acetone at the carbonyl fre¬ 
quency because the former has tw ice the number of carbonyl groups. 

Ultraviolet spectra of closely similar structures are similar and can be 
used to show structural analogies. For example, the ultraviolet spectrum 
of tautomeric acetamide resembles that of nontautomeric dimethyl- 
acetamide more than it does that of methyl acetimidate. For this reason, 
acetamide is considered to be mainly the carbonyl form, with only very 
minor amounts of the imido form at equilibrium with it. 




CHj—C 


N 


— CHj—C 


OH 


NH 




ch 3 — c 




NH 


\ 


CHj—C 


o— ch 3 


N(CH 3 ) 2 




NH 


acetamide 


(carbonyl forrr^ (imido form) 


N,N~dimethylacetamide 


methyl ocetimidate 
(methyl iminoacetote) 


Spectra in the infrared region are of an entirely different nature. These 
lower-energy transitions involve only atomic motions, not electron levels. 
The region commonly used for structural verification detects vibrational 
energy changes, somewhat broadened by the several rotational energy 
levels associated with each vibrational level. 

Infrared spectra are generally easier to interpret than ultraviolet spectra. 
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since the characteristic bands for vibrational transitions overlap less than 
those for electronic transitions. Some typical infrared spectra for simple 
representatives of several classes of compounds are given in Fig 9-7. 
A correlation chart (chart of correlations between absorption maxima and 
groups) is provided in Fig. 9-8. Infrared spectra are now simple to obtain 
and are widely used to identify organic compounds and substantiate their 
structures. 

The equilibrium position in the tautomerism of amides and related 
problems are easier to solve by infrared than by ultraviolet, as reference 
compounds are unnecessary. The N — H and O—H stretching frequencies 
are far enough apart to be readily distinguishable. Only at high concen¬ 
tration is there a detectable OH band in dry acetamide, which confirms 
the carbonyl structure as the prevalent one. 

Even structural features as fine as conformational interconversions can 
be detected by infrared studies. 1,2-Dibromoethane shows more absorp¬ 
tion bands in the liquid state than in the solid state. This has been inter¬ 
preted as indicating that solid l ,2-dibromoethane exists in ami conforma¬ 
tion, whereas liquid l,2-dibromoethane equilibrates between ami and 
gauche conformations. The latter conformation has less symmetry, hence 
more degrees of freedom, and more bands than the ami. 

B. Proton Magnetic Resonance 

Spectra due to the energy transitions of atomic nuclei which are induced 
to tip over in a magnetic field are called nuclear magnetic resonance 
(NMR) spectra. Of these nuclear magnetic studies, proton magnetic 
resonance (PMR) is the most widely used and, at present, the most useful. 

The chemical environment of a hydrogen nucleus affects its magnetic 
shielding. Thus, hydrogen atoms attached to different atoms or to atoms 
bonded to different groups have different responses to the magnetic field 
strength. These chemical shifts depend on the magnitude of the magnetic 
field. Correlations at 14,092 gauss,*with tetramethylsilane as reference, 
are given in Fig. 9-9. 

Hydrogen atoms on adjacent atoms and. less strongly, those on atoms 
attached in other specific relative positions, interact to cause spin splitting 
of their spectral lines. The magnitude of such splitting is independent of 
magnetic field, but depends on the proximity and orientation of the 
coupled protons. The sensitivities of the chemical shift and spin splitting 
to molecular structure and molecular conformations make NMR a very 
powerful tool for structural determination and structural analysis. Some 
examples of NMR spectra of simple compounds are given in Fig. 9-10. 

C. Dipole Moments 

The polar nature of a compound receives quantitative measure in terms 
of the dipole moment. This is the magnitude of electronic charges in a 
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molecule multiplied by the distance that separates them. Units are electro¬ 
static units (e.s.u.) x cm. x 10 lh = Debyes (D.). Dipole moments arc vec¬ 
tor forces, that is, directional quantities. The molecular dipole moment is 
the vector sum of the group moments which are present in the molecule. 
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These group moments are, in comparable situations, constant, so that 
molecular dipole moments give significant information about bond angles. 
However, resonance interactions, conformational transformations, and 
induced dipoles introduce complicating factors that make bond angle 
calculations very uncertain. Conversely, however, if one assumes rea¬ 
sonable bond angles, the deviations from simple treatment can be used 
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to estimate the degree of resonance interaction or freedom of conforma¬ 
tional interconversions in the respective situations. 

hor example, nitrobenzene, aniline, and />-nitroaniline have dipole 
moments, respectively, of 3.95 D., 1.53 D., and 6.1 D. The dipole moment 
of />-nitroaniline exceeds the calculated value of 5.48 D. (3.95 + 1.53, since 
both the NO> group moment and the NH 2 group moment point in the 
same direction) by 0.62 D., a value larger than the experimental error. 
This indicates resonance interaction between the amino group and nitro 
group through the benzene ring which is above and beyond the resonance 
interactions these groups have independently with the ring in the mono¬ 
functional compounds. 


NO, NO, 



NHj NH, 


nitrobenzene aniline p-nitroaniline 

Valence-bond interpretation of resonance in nitrobenzene 



(major contributing structures) 



© 


(minor contributing structures) 

Valence-bond interpretation of resonance in aniline 



© 


(minor contributing structures) 


(major contributing structures) 



BRIEF SURVEY OF CONSTITUTIVE PROPERTIES 195 


Valence-bond interpretation of resonance in p-nitroaniline 



(major contributing structures) 




(minor contributing structure*) 


The evidence for resonance interaction from dipole moments contri¬ 
butes to the interpretation of rates of reactions in substituted benzene 
derivatives. 
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QUESTIONS AND PROBLEMS 


1. Why is there considerable variation in the solubility of oxygen derivatives of 
hydrocarbons (i.e., alcohols, ketones, acids, etc.) in water? How do physical 

properties differ from chemical properties in their dependence on molecular 
structure? 

2. Explain on the basis of molecular structure why I-butanol has a lower boil¬ 
ing point than ethylene glycol, but a higher boiling point than n-butyraldehyde. 

3. Explain why boiling points of carboxylic acids are so high compared with 
hydrocarbons or alcohols of similar molecular weight. 

4. Why is it possible for nitriles to form strong hydrogen bonds with water, but 
not in the pure state among the nitrile molecules? 

5. Explain on the basis of molecular forces the relationship between the num¬ 
ber of hydrogen atoms on the nitrogen atom in an amine and the boiling point of 

an amine, other factors being equal. 


6. Would the number of hydrogen atoms on the nitrogen atom of an amine be 
expected to affect its solubility in water greatly? Why? After answering this, look 
up the solubilities of //-hexylamine, di-n-propylamine, and triethylamine in water. 
VV as the change in solubility what you expected? What factor other than hydrogen 
bonding is involved? Now compare the solubilities of A'-methylaniline and o- or 
/Moluidine. Is your original hy pothesis supported by these data? Why? 


REVIEW QUESTIONS AND PROBLEMS 

I. Make a table listing reagents down the left side and compound classes across 
the lop, as illustrated in the partial table below. Use several sheets of paper for 
your table so that there is room in the spaces for what is to be included. The 
dividing lines m the list of classes below indicate the number of lines to be drawn 
diMding dasses in the table. Closely related classes are separated by single lines; 
ess closely related classes which belong in a general category are separated by 

ou le lines, and unrelated classes are separated by triple lines. Include the 
follow ing classes ot compounds: 


I. Hydrocarbons 
Alkanes 

Alkenes 

Inner alkynes 

I - Alkynes 


Arenes 

Small ring cycloalkanes 

2. Halides 
Alkyl 

Aryl and \ in\ I 





General Reagents 
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3. Hydroxy compounds 7. Acid derivatives 

Alcohols Esters 


Phenols 

■ ■ —-- 1 

Anhydrides 


4. Ethers 

Acyl halides 


5. Carbonyl compounds 

8. Amines 


Aldehydes 

9. Acid ammono derivatives 


Ketones 

Amides 


Quinones 

Nitriles 



6. Carboxylic acids 10. Nitro compounds (aromatic) 


Include the following general reagents: 


1. Water 

2. Dilute hydrochloric acid 

3. Concentrated sulfuric acid 

4. Dilute sodium hydroxide 


5. Dilute sodium bicarbonate solu¬ 
tion 

6. Bromine in carbon tetrachloride 

7. Dilute potassium permanganate 

8. Sodium metal 


PARTIAL TABLE 


Hydrocarbons 



Alkanes 

Alkcncs 

Alkyncs 

l-Alk>ncs 

Arcncs 

Small-ring 
—- 

Water 

Dil. HCI 
£ Cone. H 2 S0 4 

5 Dil. NaOH 

3 Dil. NaHC0 3 
- Br 2 + CCI 4 

la 

V 

c 

u 

0 

KMn0 4 

Na 

Insoluble 

NR 

NR 

Fast dccol. 
Br 

1 

Br 




i 

| 

Group and 
special 
reagents 



-- — i 

Ag(NH 3 ) 2 + : 
gray ppt. 

R C sC Ag 

h 2 so 4 + 

S0 3 : 



It is recommended that you fill in the table as you study Unit II and as you 
observe the behavior of compounds in the laboratory. In the line after each gen¬ 
eral reagent, indicate any observable change and the formula ol the organic 
product when reaction occurs. If no reaction occurs, indicate NR except after 
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water. In the water row indicate whether compounds of less than five carbon 
atoms are soluble if no reaction occurs. 


After group and special reagents list those reagents which give characteristic 
reactions with particular functional groups, with individual classes of compounds, 
or with individual compounds. Reagents already listed as general reagents need 
not be repeated unless different concentrations than those indicated are used. 
Together with the formula of the reagent, give the observed behavior and the 
formula of the organic product. When subclasses or individual members of a class 
are involved, indicate what the test shows when positive and what structural 
feature is responsible for the test. 

2. Write an explanation, illustration, or definition to show clearly what is meant 
by each of the following terms. Diagrams may be used, but should be accom¬ 
panied by verbal explanation. 


a. addition 

b. alkane 

c. alkene 

d. alkyne 

e. arene 

f. axial 

g. boiling range 

h. bond angle 

i. bond dissociation energy 

j. bond distance 

k. carbocycles 

l. carbon chain isomers 

m. cis-irans isomers 

n. crystallization 

o. distillation 

p. electrophile 

q. equatorial 

r. extraction 

s. functional isomers 

t. group 

u. homologs 

v. hybridization 

w. hydrogenation 

x. hydrogen bond 

v. melting point 


z. mesomerism 

aa. met a 

ab. molecular configuration 

ac. molecular conformation 

ad. molecular formula 

ae. molecular orbital 

af. molecular structure 

ag. multiple bond 

ah. nitrile 

ai. nucleophile 

aj. organic compound 

ak. ortho 

al. para 

am. pi orbital 

an. polar molecule 

ao. positional isomers 

ap. quinone 

aq. resonance 

ar. secondary carbon atom 

as. sigma orbital 

at. structural formula 

au. substitution 

av. tautomers 

aw . tertiary amine 

ax. valence bond structures 


3. Write the structural formula of a specific compound representing each of the 
following classes of compounds. Write the common name and IUPAC name for 
each compound. Give the name of the class of each compound. 


a. 

ArCI 

e. 

R 

— Br 

b. 

ArH 

f. 

R 

~C=C—R 

c. 

ArOH 

g 

R 

—CH=CH—R 

d. 

ArSO,H 

h. 

R 

— CH=Q 
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• 

1. 

R—C=N 

o. 

R —H 

j- 

R—C—NH 2 

P- 

R —NH—C —NH--R 

II 


II 


■ ■ 

NH 


0 

k. 

R—CONH 2 

q- 

R —NH ; 

1. 

R—C0 2 H 

r. 

R — N0 2 

m. 

R—C0 2 R 

s. 

R—OH 

n. 

R—C —R 

II 

t. 

R—O—R 


O 


4. Write equations for reactions that illustrate the following terms. Use struc¬ 
tural formulas of actual compounds. 


a. combustion 

b. dehydration 

c. Dow process 


d. sulfonation 

e. Wbhler synthesis 

f. Wurtz reaction 


5. Write equations for any reactions which occur between each of the com¬ 
pounds listed below and (I) cold, dilute hydrochloric acid, (2) hot, dilute hydro¬ 
chloric acid, and ( 3 ) hot. concentrated hydriodic acid. Use structural formulas for 

organic compounds. 


a. 1-butanol 

b. 4-ethylphenol 

c. //-propyl ether 

d. butanone 

e. benzoic acid 

f. acetic anhydride 

g. pentanoyl chloride 

h. ethyl propionate 


i. w-butylamine 

j. triphenylamine 

k. propanamide 

l. cyclohexanecarbonitrile 

m. V. /V'-diphenylurea 

n. phlhalimide 

o. 2 -hydroxypropanenitrile 


6. Write equations for any reactions which occur between each of the following 
compounds and (I) cold, concentrated sulfuric acid and (2) hot, concentrated 
sulfuric acid. Use structural formulas for organic compounds. 


a. methanol 

b. l-propanol 

c. 2-propanol 

d. phenol 

e. 2-butoxyhexane 


f. sodium benzoate 

g. phenetole 

h. formic acid 
i . acetanilide 
j . urea 


7. Write equations for any reactions which occur between each of the following 
compounds and (1) cold, dilute sodium bicarbonate, (2) cold, dilute sodium 

hydroxide, (3) hot, dilute sodium hydroxide, and (4) hot, fused sodium ^ roxi e 

Use structural formulas for organic compounds. 


a. 2-chloro-3-methylbutane 

b. chlorobenzene 

c. resorcinol 

d. decanoic acid 


e. methyl hexanoate 

f. pentanoyl chloride 

g. l-decanol 

h. anisole 
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1 . 

0 

j- 

k. 

l . 


sodium 1-naphthalenesulfonate 
2-methyl butanamide 
benzamide 
succinimide 


m. triethylammonium sulfate 

n. carbon monoxide 

o. //-butyltrimethylammonium bromide 


8 s ix unlabeled bottles containing liquids were found on the organic reagent 
shelf. To aid in determining their contents, the bottles were labeled A, B,C, D E 
and F and put to tests which gave the following results. 

Water: A emulsified; the others were insoluble. 

Br : in CCI 4 : A reacted rapidly and gave copious fumes. D and F slowly 

evolved H Br. C and E decolorized the reagent without forming fumes B did 
not react. 

nilll^nui B <'?' 3 ? d Fd ' d n0t react ‘ Color disa PPeared with A , C, and E. 

Dilute NaOH: A dissolved; the others were insoluble. 

s °dium : A and D evolved gas; B reacted rapidly, but gave no gas; D. E. and 
F did not react. 

Ag(NH,) 2 OH: C gave a gray precipitate; the others did not react. 

Cone. H 2 SO 4 : Only B was insoluble. 

Cone. HI: Upon heating, C, D. E. and F gave volatile oils which gave green 
flames on copper spirals. A and B did not change. 

Asa result of the tests, what conclusions can be drawn as to the nature of the 

® J ^ U I Cal S . 

9 Arrange the compounds I,sled below in order of their acidities, beginning 

with the strongest acid. Use structural formulas. 8 g 

w-cresol I-butanol 

butylamine carbonic acid 

butanoic acid maleimide 
phcnylaminc 

10. Arrange the compounds listed below in the order of their basicities be¬ 
ginning with the strongest base. Use structural formulas. 

phenyl ether isopropylaminc 

letra methyl am monium hydroxide anisole 
elhy! ether o-toluidine 

11. Show how the following pairs of compounds can be distinguished by simple 
chemical tests. State what observations w ould be the basis of the distinction 


a. butane and i-butene 

b. 2-butyne and l-butvne 

c. phenol and I-hexanol 


e. butanone and methyl acetate 

f- propanamide and benzylamine 
g. acetamide and succinimide 


d. propanal and propanone 

12. Show how the following pairs of compounds can be distinguished by their 

infrared or ultraviolet spectra. 

a. CH 3 CCH 2 CH 2 COOH and CH 3 CHOHCOOH 


O 



BRIEF SURVEY OF CONSTITUTIVE PROPERTIES 201 


b. CH 3 COC 2 H 5 and CH 3 CONHC 2 H 5 
NH 



d. CH 3 CCH 2 CCH 3 and CH 3 C=CHCCH 3 

II II I II 

O O OH o 

13. Make the following identifications. 

a. A compound which was either cetyl alcohol or o-naphthol was treated 
with alcoholic ferric chloride. A pale blue-violet color resulted. Which vs as it? 

b. A volatile liquid which was either ethyl iodide or pentane reacted with 
magnesium in dry ether. Which was it? 

c. A solid which was either bcnzophenone or phenyl ether gave a strong 
absorption peak at 5.7 p. Which was it? 

14. Write equations for easily executed reactions in which both compounds in 
the following pairs of compounds show the same positive observable results. Use 
structural formulas and indicate conditions. 

a. diisopropyl ether and 2-octene d. />-cresol and glularimide 

b. benzoquinone and nitrobenzene e. m-chlorophenol and acety lace- 

c. cyclopropane and propcne tone 




UNIT 



Organic Reactions 




Acidity and Basicity in 
Organic Compounds 


10-1 DEFINITIONS OF ACIDS AND BASES 


A. The Classical or Arrhenius Theory 

Early theories of ionization, most coherently expressed by Svante 
Arrhenius, defined an acid as a substance which furnishes hydrogen ions 
in water and a base as a substance which furnishes hydroxide ions in 
water. 

The principal disadvantage of the Arrhenius treatment is the conceptual 
limitation of acids and bases to aqueous solutions. It is desirable to de¬ 
fine acids and bases so as to treat similar phenomena in a similar manner 
regardless of solvent. 

B. The Br^nsted-Lowry Theory 

J. N. Br0nsted in Denmark and T. M. Lowry in England independently 
proposed just such a more general concept. An acid is a substance which 
can, under suitable conditions, donate a proton. A base is a substance 
which can accept a proton. 

In accord with the generality of these definitions, it is seen that the 
reaction of hydrogen chloride with water (eq. I) is analogous to the reac¬ 
tion of hydrogen chloride with ammonia (eq. 2). 



H:ci: 


+ H: O: H 



H:ci: 


+ H:N:H 
H 


© 

H: 6: H + : Cl: 

H 

H .® 

h:n:H + -Cl: 

• • 

H 


The chloride ion produced in the reaction is called the conjugate base of 
hydrogen chloride; hydrogen chloride is the conjugate acid of the chloride 
ion. The hydronium ion is the conjugate acid of the water molecule; the 
ammonium ion is the conjugate acid of the ammonia molecule. Members 
of a conjugate pair are related to each other by gain or loss of one proton. 
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The Br0nsted-Lowry concept is an operational one since substances are 
acids or bases as they donate or accept protons in a given reaction. How¬ 
ever, it is apparent that some substances have more tendency to donate 
protons than others, that is, are stronger acids, and that some substances 
have more tendency to accept protons than others, that is, are stronger 
bases. 

Conceivably, an acidity scale and a basicity scale could be constructed 
which would express acid strengths and base strengths in terms of the 
relative proton-donating or proton-accepting abilities of the compounds. 
In a limited way. acidity can be described in terms of the strength of a 
substance as an electrolyte in a particular basic solvent, the equilibrium 
constant of eq. (3). Similarly, basicity can be described in terms of the 
strength of a substance as an electrolyte in a particular acidic solvent, the 
equilibrium constant of eq. (4). Unfortunately, this method is limiting, 

(3) H—Y + : s — :Y" + H—» + (: 5 = solvent) 

(4) IY + H—s — H—Y + + (H—s = solvent) 


not general, because any real solvent has a certain level at which its own 
electrolytic strength is effective in leveling out the ionization of very strong 
or very weak acids or bases. For example, all acids stronger than acetic 
acid are completely ionized in liquid ammonia; conversely, all bases 
stronger than ammonia arc completely ionized in glacial acetic acid. On 
the other hand, acids weaker than ammonia fail to ionize in ammonia 
appreciably more than ammonia itself, and bases weaker than acetic acid 
fail to ionize in acetic acid appreciably more than the solvent. 

Nevertheless, acidity and basicity are intrinsic properties of substances, 
in the same way that ionization potentials are intrinsic properties of ele¬ 
ments; but acid strengths and base strengths are solvent-related in the 
same way that electrode potentials show solvent effects. 

Certain substances may act as either acids or bases, depending on cir¬ 
cumstances. Such substances are designated amphoteric or amhiprotic. 
For example, water is the conjugate base of the acid hydronium ion (eq. I) 
and is the conjugate acid of hydroxide ion. Similarly, acetic acid acts as 
an acid in water (eq. 5), its ionization (proton transfer to water) being 
only moderate, whereas it acts as a base in concentrated sulfuric acid 
(eq. 6) where the proton transfer is essentially complete. 


(5) ch 3 co 2 h + h 2 o — h 3 o * + ch 3 co 2 ~ 

(6) h 2 so< + ch 3 co 2 h — ch 3 co 2 h/ + hso 4 * 


We shall make much use of the Br0nsted-Lowry concept in organic 
chemistry since proton transfers are of key importance to many organic 
(as well as inorganic) reactions. 
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C. The Lewis Theory 

The Br^nsted-Lowry treatment of acids and bases discards the notion 
that hydroxide ions are involved in all reactions of bases and instead 
focuses attention on the idea that bases donate electron pairs b> sharing 
them with the protons donated by acids. Some chemists consider that 
this is still too restrictive, as the proton is made a special case \shen it is 
only one of many electron-deficient species which can undergo an anal¬ 
ogous reaction (i.e., the coordination of an electron pair into the valence 
shell of one of the atoms of an electron-accepting molecule or ion). 

Gilbert N. Lewis, one of the most prominent physical chemists of the 
early twentieth century, was foremost among those who defined acids and 
bases so as to equate all electron-pair acceptors. Thus, an acid may be 
defined as a substance which accepts electron pairs: a base, a substance 
which has available electron pairs. The reaction between boron trifiuonde 
and trimethylamine is considered to parallel that between a proton and 

ammonia. 



:f: 

ch 3 

•F'CHj 

(7) 

• • • • 

:F:B + 

• • • • 

:f: 

:n:CH 3 — 
CH, 

:F:B:n:CH 3 

* . . ■ • • 

: F: C H 3 


The-Lewis theory serves the valuable function ol relating seemingly 
diverse chemical phenomena and showing then to be fundamentally alike 
in cause and result. This theory is often applied as a generalized theory 
of reactions in which proton acid-base reactions form a special case. 
Most organic chemists find both the Bry)nsled-Lowry concept and the 
Lewis concept separately useful. It should be apparent that a Lewis base 
is also a Br0nsted base. However, such electron-deficient species as 
boron trifluoride (eq. 7), aluminum chloride. AICI,. and zinc chloride. 
ZnCI 2 , are called Lewis acids to distinguish them from proton-donating 
or Br^nstcd acids. 


10-2 ACIDITY AND ORGANIC ACIDS 

All compounds which contain hydrogen can be considered acids in the 
Br^nsted sense, since, potentially, they can become proton donors Sig¬ 
nificant acidity, however, is found only in compounds in which hydrogen 
atoms are present on atoms of elements of the filth, sixth, and seventh 
groups of the periodic table, or on carbon atoms especially activated by 
adjacent functional groups. However, under appropriate conuitions even 
hydrocarbons may function in acid-base reactions. 


A. Molecular Factors Producing and Modifying Acidity 

The strength of an acid depends upon its relative ability to donate a 
proton, and, conversely, upon the reluctance of its conjugate base to 






208 ACIDITY AND BASICITY IN ORGANIC COMPOUNDS 


accept a proton. Thus, stronger acids are conjugate to weaker bases, and 
weaker acids are conjugate to stronger bases. An introductory discussion 
of the effects of electron distribution upon the strengths of acids is given 
in §7-3A(2), and it is suggested that the student review this material at this 
time. In summary, it is to be recalled that in the equilibrium (8), electrical 

(8) YO:H + solvent: — YO“: + (solvent: H)* 

or other etfects that stabilize YO" more than they do YOH make the 
acid YOH stronger, while those that stabilize YOH more than YO' make 
YOH a weaker acid. 

Any effect in a molecule which operates to withdraw electrons from the 
atom bound to hydrogen, or increase stability of the conjugate base, 
tends to increase acid strength. Any effect which operates to release elec¬ 
trons toward the hydrogen atom, or decrease stability of the conjugate 
base, tends to hinder acidic ionization. 

Acid strength increases as hydrogen is attached to an atom of higher 
atomic number in a period; acid strength of HF > HOR > HNR 2 > 
HC Rj, in which R is hydrogen or comparable hydrocarbon groups. 

Acid strength also increases as hydrogen is directly attached to an atom 
°f higher atomic number in a group; acid strength of ROH < RSH < 
RSeH, in which R is hydrogen or an alkyl group. 

Consideration of the relative strengths of organic acids has been of 
prime importance to the general understanding of theoretical organic 
chemistry, and it is therefore worthwhile to scrutinize certain data closely. 
Table 10-1 lists the ionization constants of certain substituted acetic acids 
in order ol increasing acid strength. We see that, compared to hydrogen, 
alkyl groups lower the acid strength whereas electron-attracting atoms or 
groups such as halogen atoms increase acid strength. These data have led 
to a concept called the inductive effect , which represents a mode of transfer 
of electrical charge within a molecule and w-hich results from the dipolar 

TABLE 10-1. Ionization Constants for the Dissociation of Certain Substituted Acetic Acids 
in Water at 25° 


Acid 

I0 5 A' u 

Acid 

I0 5 A' a 

CHj—CHjCOOH 

1.3 

Br—CHjCOOH 

138 

H —CH 2 COOH 

1.8 

Cl—CHjCOOH 

155 

c 4 h 5 -ch 2 cooh 

5.6 

F—CH ; COOH 

217 

CHjO—CH.COOH 

33. 

Cl 2 CHCOOH 

5140 

1—CH,COOH 

75. 

CI 3 CCOOH 

121.000 
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character of bonds between atoms of different elements or between atoms 
of the same element in different bonding environments. 


B. Permanent Inductive Polarization in Molecules 

Polarity in molecules is a consequence of the differing electron attrac¬ 
tions of their constituent atoms. In saturated molecules the polarization 
is assumed to be carried down the chain by electrical induction. A chlo¬ 
rine atom induces a positive charge in the adjacent carbon atom, which in 
turn induces electrons to move toward it from adjacent carbon and hydro¬ 
gen atoms, making them positive, and so on down the chain. Such polari¬ 
zation is called an inductive effect. 


C. Inductive Effects as Measured by Acid Strengths 

It should be clear that when dipoles are set up as described in the 
previous section, these have effects of importance in stabilizing acids or 
their conjugate bases. We may choose hydrogen as our standard, com¬ 
pared to which alkyl groups are shown to be electron donating, whereas 
aryl, methoxy, and halogens are manifestly electron attracting. Indeed, 
we can set up a series of relative electron-attracting or electron-donating 
properties for atoms or groups based upon acid-strength data. Because 
the induced polarizations set up by bond dipoles are roughly additive, 
dichloroacetic acid is stronger than chloroacetic acid and trichloroacetic 
is still stronger, each chlorine atom contributing to a bond dipole of such 
a nature as to stabilize the anionic charge on the conjugate base. 



acetal* ion 


H 


Cl—c—c 

chloracetole 

ion 


i cl o] 

a o) 



l © Cl—c—c 

le ci—c—c 

( IV 

+ V 

J H °' 

Cl °> 


dicMoroacetot© 


© 


ion 


trichloroacetote 

ion 


The nature of the inductive effect is such that each bond dipole is 
screened in part by the electron clouds of the atoms on which it operates, 
so that each of the induced dipoles in sequence along a saturated chain of 
atoms away from the original dipole is considerably smaller than the pre¬ 
ceding dipole. An important result of this is that the inductive effect of an 
atom or group is greatest when the polarizing group is close to the posi¬ 
tion where the effect is measured and becomes progressively less im¬ 
portant as the distance between groups and effect is increased. This is 
demonstrated clearly in the monochloro substituted /i-butyric acids (Table 
10-2), in which an alpha-ch\oro substituent increases the acid strength to 
100 times that of the unsubstituted acid, while this increase is lowered to a 
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TABLE 10-2. Ionization Constants for the Dissociation of Chlorinated n-Butyric Acids 
in Water at 25° 


Acid 

io s a:. 


CHj—CH 2 — CHCI—COOH 

140 


CHj—CHCI—CH 2 —COOH 

8.8 


CH 2 CI—CH 2 —CH 2 —COOH 3.0 


CH 3 CH 2 CH 2 COOH 

1.5 


factor of only two when the chlorine is in 

the gamma position (see for- 

mulas below). 




O 1 

ol 

O' 


„ „ „ / ; 

/ 

/ 


c — c—c-*-c 

r © C—C-*-C-—C 

c-*-c—C—C 

► e 

t Vi 

t \ 

+ \ 


Cl Oj 

Cl oj 

Cl O) 

a-chloro 

0<hloro 

y-chloro 



The electron-donating properties of alkyl groups can be emphasized by 
comparing the acid strengths of formic acid H —COOH and acetic acid 
COOH; formic acid is about ten times as strong as acetic acid. 

From data such as these it is possible to develop an order of inductive 
release or withdrawal of electrons. A partial list in order of increasing 
electron attraction is as follows; 


(CH 3 ) 3 C— < (CH 3 )jCH— < CH 3 CHj— < ch 3 — < H— 

QHj— < CH a O— < I < Br < Cl < F 

We shall see that this order has general applicability in organic chemistry. 

The inductive effect is also responsible for differing acidities in different 
types of alcohols, as observed in the rates of their reactions with active 
metals and in the base strengths of the conjugate alkoxide ions. Alkyl 
groups are more electropositive than hydrogen atoms. Thus, a larger 
number of hydrogen atoms on the carbinol carbon atom tends toward 
greater stability of alkoxide ions and greater acidity of alcohols. The 
order of acidity is 1° alcohol > 2° alcohol > 2° alcohol, and this is also 
the order of reactivity with active metals. Thus, methanol and primary 
alcohols react vigorously with sodium, secondary alcohols less vigorously, 
and tertiary alcohols such as 2°-butyl alcohol very sluggishly. 

F 

CHj-^-CHj OH CHj—CH—CH 3 CH 3 —C—CH 3 


ethanol 


OH 

iiopropyt okohol 


OH 

3 *-butyl okohol 
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D. Conjugative Effects in Modifying Acid Strengths 

Even more pronounced in its effects on acidity is conjugative electron 
withdrawal of the electron pair released in the formation of the conjugate 
base of an acid. This process has been discussed at length in §7-3A(2) and 
was shown to be responsible for a substantial portion of the large increase 
in acid strength of carboxylic acids as compared w ith alcohols. The elec¬ 
tron delocalizations in carboxylate anions, phenoxide ion. and enolate 
ions are shown as compared with alkoxide ions. 


01 

/ 


6- 

/ 


l-c 

\ 

o> 

► © 

6-(! JH° 

5- 

\ 

R 

R—O: 

• • 

carboxylote 

ion 

phenoxide 

ion 

enolate 

ion 

alkoxide 

ion 


The effects of extended conjugation can be observed in the acid 
strengths of ortho-, meta-, and /wra-nitro-substituted phenols. Inspection 
of these systems shew that only the oriho- and /wa-substituted phenox- 
ides are conjugated (the appropriate valence bond structures, I and II, are 
shown), while in the meta anion, the nitro group has no conjugative rela¬ 
tionship with the electrons on the oxygen of the anion. On the basis of 



o*nitrophenol 



m-^itrophenol 





e 

/ 



x 0 

O: 


our experience with inductive effects (and the knowledge that the nitro 
group is electron withdrawing compared with hydrogen), we would pre¬ 
dict (in the absence of conjugative effects) that the order of acidity would 
be ortho > meta > para. In fact, however, para and ortho nilrophenol 
have ionization constants of 6.9 and 6.2 x 10 * respectively; the meta 
value is I x 10 8 and phenol itself is 1 x 10 l0 . Here, then, we again 
have evidence regarding the special stabilizing effects of electron-delocali¬ 
zation on the conjugate base anion. Again the effects are roughly addi- 
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TABLE 10-3. Approximate Dissociation Constants for Some Acids Involving ionization 
of a Carbon-Hydrogen Bond 


Name 

Formula 



Ethane 

CH 3 CH 3 


* 10~ 41 

Diphenylmethane 

O c --<3 


*10‘ 3S 

Acetone 

CH 3 CCH 3 

H 

0 


» 

0 

1 

a 

bis-Methylsulfonylmethane 

CH3S0 2 CH 2 S0 2 CH 3 

1 

X 10' 14 

Ethyl malonate 

C 2 H s OCCH 2 COC 2 H 5 

0 0 

5 

X 10 -' 4 

Malononitrile 

n=cch 2 c=n 

6 

X 10- ,z 

Ethyl acetolacetate 

ch 3 cch 2 coc 2 h 5 

II II 

0 0 

2 

X I0-" 

Acetylacetone 

ch 3 cch 2 cch 3 

II H 

0 0 

1 

x I 0- 9 

Nitromethane 

ch 3 no 2 

6 

X 10-" 

Dinitromethane 

o 2 nch 2 no 2 

3 

X 10- 4 


tive, 2,4-dinitrophenol having an ionization constant of 1 x 10~ 4 and 
picric acid (2,4,6-trinitrophenol) about 4 x 10 _l . 

Groups that are capable of electron withdrawal by the conjugative ef¬ 
fect are of the general type —A=B and function best when B is more 
electron attracting than A (assuming that A is the atom bonded to the 
system donating the electrons). An approximate order of conjugative elec¬ 
tron withdrawal is as follows: 



The effects of such groups in stabilizing anions may be seen from the 
data in Table 10-3 showing cases in which protons are removed from 
carbon atoms in the acid-base equilibrium. For example, stabilization of 
the acetylacetone conjugate anion involves the canonical structures in 
eq. (9). 
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E. Acid Strengths of Benzoic Acids: Coexistence of Conjugotive and Inductive 
Effects 

In comparing strengths of aromatic acids with those of aliphatic acids, 
we note that the phenyl group (like the methoxyl and other groups) shows 
opposing inductive and conjugative effects. When the phenyl group is in¬ 
sulated from the carbonyl group, as in phenylacetic acid, its large in¬ 
ductive electron withdrawal stabilizes the phenylacetate ion in respect to 
the phenylacetic acid molecule (Fig. 10-1). However, benzoic acid shows 
an anomalously low acid constant compared with formic acid (Fig. 10-2). 
While the inductive effect of the phenyl group still tends to stabilize the 
benzoate ion, the conjugative effect of the phenyl group causes a more 
than compensating stabilization of the benzoic acid molecule, which has 
the overall effect of decreasing the acidity of benzoic acid compared with 
formic acid. 



K g = 1.8 X IO' s K 0 = 5.6 X I0* 5 


Fig. 10*1. Energy Diagrams Which Show Inductive Effect of Benzene Ring as 
Stabilizing Phenylacetate Ion More than Phenylacetic Acid. Benzene ring is 
"insulated” from carboxyl group by CH 2 ; hence, no resonance effect. 



Free Energy Content 
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K 0 = 1.8 X I0‘ 4 K a = 6.5 X I0" 5 

Fig. 10-2. Energy Diagrams Which Show Resonance Effects of Benzene Ring as 
Stabilizing Benzoic Acid More than Benzoate Anion. 

The dissociation constants of certain monosubstituted benzoic acids 
are given in Table 10-4. At first we will consider only the meta- and para- 
substituted acids, since the or/Ao-substituted acids have special steric 



mtta para orlho 


(spatial) problems and must therefore be discussed separately. In the 
para-substituted acid a number of anomalies becomes apparent imme¬ 
diately in the order of acidities. We note that methyl is an electron- 
releasing group compared with hydrogen, as it is in the substituted acetic 
acid, but that the methoxy group is apparently electron releasing in the 
para position and electron withdrawing (as expected) in the meta position. 
The principal parts of the explanation are fundamental to several related 
organic chemical phenomena of considerable importance. In benzoic acid 
and in its corresponding anion, the benzene ring is directly attached to 
the carboxyl or carboxylate group and is therefore conjugated with it. 
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This is quite different from the situation in substituted acetic acids and 
their conjugate anions, where the methylene group acts as an insulator so 
that conjugation between Z and the carboxyl group is not possible. 




0 

o 

/ 

z— CH,— C 

OH 

/ : 

z—CHj-C 

o 

substituted 

substituted 

ocetic acid 

acetate ion 


Thus, groups that are electron releasing by a conjugative effect (i.e., 
have polarizable p or x electrons to donate) when appropriately placed 
on the aromatic ring tend to stabilize the acid form more than the con¬ 
jugate base, where the carbonyl group is already totally involved with the 
anionic oxygen. Such an effect of methoxyl, shown in the valence-bond 
structures for anisic acid, is responsible for the acid-weakening effect of 



methoxyl or hydroxyl when substituted in the para position. With meth¬ 
oxyl in the meia position, or substituted on an acetic acid molecule, con¬ 
jugation is not possible, so that only the electron-withdrawing effect of the 
methoxyl group is observed. 


TABLE 10-4. Acid Dissociation Constants for Monosubstitufed Benzoic Acids 



para 

substituents 

10 s *, 

meta 

substituents 

10 s A a 

ortho 

substituents 

10 s A. 

—nh 2 

1.2* 

1.5* 

— 

-CHj 

4.5 

5.2 

13.0 

— H 

6.8 

6.8 

6.8 

—OCHj 

3.3 

82 

8.2 

—Cl 

11 

15 

130 

n 

O 

z 

1 

40 

35 

620 


. © 

Acidities of ummonio acids arc most often those of the ammonio group, — NH, 
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The delocalization of positive charge contributes considerable stability 
to anisic acid. On the other hand, comparable resonance in anisate ion 
is of less importance, since charge separation is in the direction to force 
like charges into close proximity. 



Among the groups that exhibit electron release by conjugative effects 



have polarizable p or -rr electrons) are CH 2 =CH 2 —, 



R 2 N—, RNH—, H 2 N— HO— RO— :l— :Br— :C1— and :F—. 

• • * •• •• ’ • • ’ •« 

Certain groups (e.g., phenyl and vinyl) may either accept or donate elec¬ 
trons by conjugation. Also, as noted above, certain groups have electron- 
withdrawing tendencies by induction, but in certain situations, may re¬ 
lease electrons by conjugation. The latter groups include amino, hy¬ 
droxyl, alkoxyl, and halogen functions. 

Groups ortho to the carboxyl function are so close that they influence 
acidity by forces operating directly across space. They appear to operate 
in many cases by twisting the carboxyl group out of the plane of the ben¬ 
zene ring. This reduces the conjugation between the ring and the carbonyl 
group (as 7r-7r overlap with consequent electron delocalization requires 
that these orbitals lie in the same plane). As noted, this conjugation with 
consequent stabilization is more important in the acid than in the anion; 
for this reason its loss destabilizes the acid more than the anion and makes 
the acid stronger. 

Intramolecular hydrogen bonding in the salicylate ion stabilizes that ion 
very substantially with respect to the acid, so that salicylic acid is about 
35 times as strong as p-hydroxybenzoic acid. This stabilization results 



tolicyiote ion 


from distribution of the negative charge over three (instead of two) oxy¬ 
gen atoms, as well as the various positions in the ring conjugated with 
these. 
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F, Acidity in Miscellaneous Groups 

Groups attached to the nitrogen atom have effects similar to those of 
the same groups attached to an oxygen atom. Hence, aliphatic amines 
are the least acidic of the ammonia derivatives. Aromatic amines are 
about as much more acidic than aliphatic amines as phenols are than 
alcohols. Increase in acidity of amides over aliphatic amines corresponds 
to increase in acidity of carboxylic acids over alcohols. The presence of 
two acyl groups on a nitrogen atom still further enhances acidity of hydro¬ 
gen on the nitrogen. An imide is comparable to a phenol in acidity. 


R-*-N —H 

I 

H 

(mild base, 
very weak acid) 


1 

n 

b 

T 

X 

R—C-^N^-C— 

S'- 

X — 

d H k 

(weak base, 

(very weak base. 

weak add) 

mild acid) 


G. Sulfonic Acids and Alkyl Acid Sulfates 

The explanation of the high acid strengths of sulfonic acids and of 
alkyl acid sulfates (as well as that of sulfuric acid) perhaps needs separate 
discussion. Chemists have vacillated between multiply bonded structures 
and coordinate covalent structures for the sulfur-oxygen bonds in these 
compounds and their derivatives. The most recent data appear to favor a 
resonance hybrid between these structures, but very much closer to the co¬ 
ordinate covalent structure. 



(double bond*) (coordinate bond*) 

benzene»ulfonic acid 


CHjCH 2 — o— s—OH 

O 

(double bond*) 


O 0 

CHaCHj— O— S©— OH 

O 0 


(coordinate bonds) 
ethyl hydrogen sulfate 


If resonance is important in these compounds, it must be more im¬ 
portant in the conjugate anions, which have three equivalent oxygen 
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atoms and involve charge delocalization, than in the acids, which have 
only two equivalent oxygen atoms and involve charge separation. Of 
considerable importance is the positive charge on the sulfur atom (prob¬ 
ably somewhat less than the formal 2 + ), which greatly stabilizes the nega¬ 
tive charge in the anion. 



possible resonance hybrid 
for benzenesulfonate ion 


+ 6 + 



10-3 BASICITY AND BASIC ORGANIC COMPOUNDS 

All organic compounds which have unshared electron pairs, or can 
acquire unshared electron pairs through appropriate electronic shifts, 
can be considered to be Br^nsted or Lewis bases. Relatively strong bases 
form salts (which usually dissolve) with aqueous hydrochloric acid. 
Somewhat weaker bases form hydrochlorides with dry hydrogen chloride, 
while still weaker bases form salts with concentrated sulfuric acid. 

The most important class of organic compounds having nonbasic un¬ 
shared electrons toward sulfuric acid is that of the alkyl and aryl halides. 
They do, however, often coordinate with strong Lewis acids, such as 
aluminum chloride, and are weakly protonated by strong Br^nsted acids. 

A. Molecular Factors Producing and Modifying Basicity 

The strength of a base depends on the ease of acceptance of a proton 
onto an unshared pair of electrons, or conversely, the firmness with which 
the proton is held, once captured, on the conjugate acid. To recapitulate, 
strong bases are conjugate to weak acids and weak bases to strong acids. 
It should be clear from the preceding discussion regarding acid strengths 
and from the Br^nsted theory relating acids and bases, that the factors 
allecting base strength are analogous to those affecting acid strength. 
Basicity is increased when, in the equilibrium (10), electrical or other 
effects stabilize ZBH* more than they do ZB, and base strength is de¬ 
creased when they stabilize ZB more than they do the conjugate acid. 

(10) ZB: + H:s “ ZB: H * + : s - (H:$ = solvent) 

Because of the relative kernel charges, the order of basicity of com¬ 
pounds of second period elements is R,N: > R z O > RF:. For negative 
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ions, the same order of basicity applies, R,C:~ > R : N:' > RQ: > 
:F: _ . The basic strengths of the anions are considerably greater than 
those of the related conjugate acids because of the negative charges. (In 
the case of R,CH the lack of basicity is due to the lack of an available 

electron pair in the hydrocarbon.) 

In a group of the periodic table, the basicity of elements in neutral com¬ 
pounds decreases down the group. Thus, R —S—R is less basic than 

R—6—R and :OH is a stronger base than :SH 
• • • • 


B. Comparison of Basicity in Organic Compounds 

The relative base strengths of several compounds are given in Table 
10-5. The base constant given in the graph is the equilibrium constant: 
K b = (HB* ]/[H + ](B). This is the inverse of the acid ionization constant 


of the conjugate acid. . 

The most common organic bases are the amines. Basicity in these com¬ 
pounds is due to unshared electrons on the nitrogen atom. Since alkyl 
groups are electron releasing; alkyl and dialkyl amines are some* hat more 

basic than ammonia. 

Aryl groups, which increase acidity of hydroxy groups due to the effects 
of resonance interaction with the ring, decrease basicity of am.no groups 
by the same means; thus arylamines are more highly stabilized by reson¬ 
ance than arylammonium ions. As might be anticipated. />-nitroan.!.ne is 
much less basic than aniline, as the conjugation energy lost in tormaiion 
of the / 7 -nitroanilinium ion is greater than that lost with the unsubstituted 
base. Because diphenylamine and triphenylaminc have corresponding 
greater resonance energy to lose in forming protonated species, they are 
progressively weaker bases. Diphenylamine is insoluble in dilute hydro 
chloric acid, but dissolves in concentrated sulfuric acid (see eq. II). This 
reagent does not dissolve triphenylaminc. 


H 

R-*-n: 

H 

alkylomine 


H 



orylamine orylommonium ion 



p-nitrooniline 


Acyl groups, which enhance acidity in hydroxy and other groups mark¬ 
edly, correspondingly decrease basicity ol amino groups. Simple amides 
are little more basic than water. 



TABLE 10-5. Strengths of Various Boses at 20-25* 


Name 


Formula 


Guanidine 

Acetamidine 

Dimethylamine 

Methylamine 

Trimcthylamine 

Ammonia 

Pyridine 


(H 2 N) 2 C=NH 


CHi—C 




NH 

NH 


(CH 3 ) 2 NH 

ch 3 nh 2 

(CH 3 ) 3 N: 

H 3 N: 



Approximate AT* 


[HB-] 
[H + )[B] 


(water reference) 
2 x 10 13 


3 x 10 


12 


5 x 10'° 

4 x 10 10 

5 x 10 9 
2 x 10 9 

2 x 10 5 


y?-To!uidine 


Aniline 


o-Toluidine 


Urea 



NH 



NH 2 

CH 3 
(H 2 N ) 2 c=o 


p-Nitroaniline ° 2 N—NH 2 

Diphenylamine (C 6 H 5 ) 2 NH 


Pyrrole 



I 

H 


1 x 10 5 


4 x 10 4 


2 x 10 4 


2 x 10' 


1 x 10' 


8 x 10° 


5 x IQ" 1 


Acetamide 

CH 3 CtT 

x nh 2 

o 

X 

Water 

H 2 0: 

2 x 10 

Ethanol 

c 2 h 5 oh 

lO " 5 

Acetic acid 

CH 3 C\ 

OH 

I 0" 8 

Sulfuric acid 

^* 0 : 

(HO) 2 S^ 

^* 0 : 

lO ' 15 
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diphenykimine tripUnylomir* o timpW omid« 


C. Weak Bases Studied in Strong Acid Solutions 

The basicity of alcohols, ethers, acids, esters, carbonyl compounds, 
phenols, and thio compounds is due to unshared electron pairs on oxygen 
and sulfur atoms. These compounds are, therefore, much less basic than 
similar nitrogen compounds. The strengths of these relatively weak bases 
cannot be measured in the usual fashion. Instead, the extent to w ic 
these substances accept protons from phosphoric acid or concentrate 
sulfuric acid is measured. The latter reaction is indicated in eq. (11). 

(11) B: + HjS0 4 — BH + + HSCV 

When this reaction is complete, the substance generally dissolves in 
sulfuric acid. The extent of the reaction may also be determined by 
measurement of the extent of lowering of the freezing point in 100" 0 sul- 
furic acid, where compounds which are strong bases in sulfuric aci give 
two particles (BH + and HSCV ) (sometimes further dissociation produces 
more) per mole of B added and compounds that are not basic give only 
one particle (B itself). Intermediate-strength bases gives values between 
1 and 2. The value observed (moles of solute particles per formula weight 
of added solute) is called the van’t Hoff / or v factor (eq. 12). 


(12) i = AT, tompW / A Tf wx*Ot«d compound 

With one exception, all classes of compounds which have oxygen at¬ 
tached to carbon, and many sulfur compounds, are soluble in concen¬ 
trated sulfuric acid. The exception again shows the effect ol aromatic 
groups. Diaryl ethers have no measurable basicity. Here again, substan¬ 
tial delocalization energy would be lost in going from the base to t e 

protonaled species. 



Carbonyl compounds are readily protonaled on the oxygen atom (I). 
The positive charge is distributed over the oxygen and carbon atoms. 
Acids and esters are protonated in part on the carbonyl oxygen and in part 
on the hydroxyl or alkoxyl oxygen (II and III); the former is probably lar 
more stable, due to conjugative stabilization as in II. 
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Many olefins dissolve in concentrated sulfuric acid to give van’t Hoff / 
factors of 2. The reaction is believed to involve the action of the olefin as 
a base to give its conjugate acid, which is a carbonium ion (eq. 13). The 
reaction is not rapidly reversible at low temperature, hence involves a 
more deep-seated change than the usual acid-base reaction. It has been 
suggested that an acid-base equilibrium involving a t complex (eq. 14) 
precedes the carbonium ion formation. 


(13) ^C=cc; + h 2 so 4 



hso 4 - 


(14) HX + R 2 C=CH 2 



H 

t 

(R 2 C=CH 2 ) + X~ 


slow 


® 

(RjC—CH 3 )X~ * stable products 

In a 7r complex, the hydrogen ion is considered to be buried in the pi t 
orbital of the double bond, IV. The involvement of these complexes is 
based on an analogy to stable, isolable ir complexes between certain elec¬ 
trophilic substances (other examples: I 2 , Ag + ) and pi orbitals of unsatu¬ 
rated and aromatic systems (e.g., V). 



D. Strong Orgonic Boses 

Among the very strong organic bases are guanidines and amidines. The 
stronger basicity of these compounds results from the greater electron de- 
localization permitted in the conjugate cation, where such delocalization 
does not involve separation of charge, as compared with the bases them¬ 
selves, where delocalization is accompanied by charge separation and is 
therefore not as stabilizing (see eqs. 15- 18). 
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N:H 


(15) RNH—C 


H + 


\ 


NH, 


V5 + 

NHj 

'/j+ / 

^ RNH—C 

\ 

nh 2 

Vi + 


Compare: 


(16) HO—C 


© — 


%- 

O 


Vj - 

P 


+ 


H* 


(17) RC. 


• \ 1 


V 

• 0, 


o 


% - 

• • 

NH 


NHj Vi + 

/ 


/ 

to 

+ H + 

=* RC 

\ 


\ 1A 

NH, 


NH, Vi + 


Compare: 





+ 



The guanidinium ion has low-energy 
those of the carbonate ion. 


molecular orbitals very similar to 





corbonote ion 


Certain organic bases are ionic species, consisting of organic cations 
and hydroxide ions. These are completely dissociated in aqueous solution 
and exist as ionic species (ion pairs or aggregates) even in their pure solid 
states. Common examples are found in the quaternary ammonium hy¬ 
droxides and the trialkylsulfonium hydroxides. In each ol these classes 
the sulfur or nitrogen atom has an octet ol electrons so that the hydroxide 
cannot form a covalent bond without involving higher energy orbitals. 


' R s> 

R:n:r :6:H 

# • • • 

R 

quaternary ammonium 
hydroxides 


K .® .. 

R:S:R -0:H 


triolkylsulfonium 

hydroxides 
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SUPPLEMENTARY READING 

VanderWerf, C. A., Acids, Bases and The Chemistry of the Covalent Bond. Rein- 
hold, New York, 1961. A short, inexpensive paperback which may serve well 
as a supplementary introduction to the next few chapters. 


QUESTIONS AND PROBLEMS 


J. Compare the Arrhenius, Br^nsted, and Lewis concepts of acids and bases. 
Point out their differences and their respective advantages and disadvantages. 

2. Arrange the following groups of acids in the order of decreasing acid 
strengths (e.g., HCI > HC 2 H 3 0 2 ). 

a. acetic acid, fluoroacetic acid, difluoroacetic acid 

b. propionic acid, a-chloropropionic acid, /S-chloropropionic acid 

c. benzoic acid, m-chlorobcnzoic acid, />-chlorobenzoic acid 

d. a-aminobutyric acid, a-mercaptobutyric acid, a-chlorobutyric acid 

e. n-amyl mercaptan, pentane- 1-sulfonic acid, pentane-1-sulfinic acid 

3. Arrange the following groups of bases in the order of decreasing basic 
strengths (e.g., NaOH > NH 3 ). 


a. ammonia, n-butylamine, aniline 

b. aniline, p-nitroaniline, p-chloro- 
aniline 

c. ethanolamine, acetamide, 


phthalimide 

d. acetamide, urea, guanidine 

e. ethyl ether, ethyl sulfide, diethyl- 
amine 


4. (a) Write all of the principal valence bond structures for ortho , meta, and 
para nitrophenoxide ions. 


(b) Explain why m-nitrophenol is a weaker acid than />-nitrophenol. 

5. Show how the following salts can be prepared conveniently for use in syn¬ 
thesis. Use the cheapest source of metal ions possible (e.g., NaCI = $0.01 /lb., 

Na 2 C0 3 = $0.03/lb., NaHC0 3 = $0.04/lb., NaOH = $0.08/lb, Na = 
$0.19/lb. in commercial lots). 


a. monosodium acetylide from 
acetylene 

b. calcium acetylide, industrial 
method 

c. sodium ethoxide from ethanol 

d. sodamide from ammonia 

e. sodium phenoxide from phenol 

f. calcium acetate from acetic acid 

g. sodium benzenesulfonate from 


benzenesulfonic acid 

h. potassium phthalimide from 
phthalimide 

i. diethyl sodiomalonate from 
diethyl malonate 

j. sodium ethyl sulfide from ethane- 
thiol 

k. aluminum isopropoxide from 
isopropyl alcohol 


6 . Which of the salts listed in Problem 5 could be recrystallized from water? 

7. List those of the following compounds which show the properties below. 
Guanidine, 4-ethylpyridinc, dibutylamine,- aniline, diphenylamine, triphenyl- 
amine, dibutyl sulfide, thiophenol, dibutyl ether, p-butylphenol. 

a. Give basic reaction to moist red litmus paper 

b. Dissolve completely in dilute hydrochloric acid 

c. Dissolve completely in concentrated hydrochloric acid, but not dilute 
hydrochloric acid 
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d. Dissolve completely in concentrated sulfuric acid, but not concentrated 
hydrochloric acid 

8 . (a) Write all of the principal valence bond structures for meia and para 

methoxybenzoic acids. ...... 

(b) Explain why the meia acid is stronger than benzoic acid, while the para 

is weaker 

9. Calculate the fraction of reagent that has reacted. (Y ]/((HY) + (Y )). 

at equilibrium if the reagent acid is 100 times as strong as the product acid, where 
equal amounts of I M solutions of H Y and Z are mixed. 

HY + Z" — HZ + Y" 


K a for HY = 100 x K a for HZ 

What effect does dilution of the mixture have on the completeness of reaction at 
equilibrium (provided no special solvent effects change the equilibrium constant). 

10. Define and illustrate the following terms. 

a. bond polarization f. mesomeric stabilization 

g. polar molecule 

h. protonation 

i. van't Hoff/factor 


b. conjugate pair 

c. conjugative effect 

d. inductive effect 


e. 'Lewisacid „ 0 

11. Why is an amidine generally a base (eq. 17). and not an acid (eq. 19). 

Under what conditions would an amidine be expected to act as an acid . 




Compare (with equations) to acetic acid, which is a base in pure sulfuric acid. 

12. Write valence bond structures to illustrate the stabilization of the dim ro 
methane conjugate anion by resonance. 



Factors Influencing 
Chemical Reactions 
and Reactivities 



11-1 BASIC PRINCIPLES 

Stress on the similarities in behavior of water and alcohols, ammonia 
and amines, and inorganic and organic acids has evinced the identity of 
the basic principles of both organic and inorganic reactions. 

It must be clearly apparent by this time that organic chemistry is a vast 
and complex field. To avoid Liebig's feeling (1823) that this field is a 
trackless jungle, it is necessary to utilize all possible unification available 
from the basic principles of chemistry. Nothing has succeeded in lending 
credibility and unification to organic reactions as much as the modern 
study of reaction mechanisms , the pathways by which reactions appear to 
occur. Since the mature student has by this time mastered the properties 
of the simple functional groups, he is ready to look into the intricacies of 
these reactions and see, in far greater detail, yet with overall greater 
simplicity, why organic compounds behave as they do. 

While some modest predictive skill may develop, it is expected that the 
main utility of mechanism for now will lie in the explanation and classifi¬ 
cation of reactions. 

11-2 FUNDAMENTAL REACTION TYPES 

Chemical reactions are examples of or combinations of a few basic 
types which occur in a variety of manifestations. Recognition of these 
t>pes greatly simplifies study of the great diversity of organic reactions. 

A. Homolysis, Combination, and Dissociation Energies 

When a molecule dissociates in such a way as to unpair and separate the 
electrons in a covalent bond, as in eq. (I), the reaction is termed homolysis. 
The fragments, which thus have an odd or unpaired electron each, are 
called free radicals. These are highly reactive. Hence, free radicals 
ordinarily have but transitory existence. Certain free radicals are stabil¬ 
ized by electronic interactions in the molecule; certain others have been 
226 
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stored for limited times in the solid state, either at vers low temperatures 
or enmeshed in a solid polymer. These, however, are exceptional cases. 


0 ) 


2 C 6 H 4 C O 

ll 

o 


c 4 h 5 —c—o—o—c—c 6 h 5 

II II 

o O 

Eq. (I) is an example of homolysis; the product fragments are free 
radicals. The energy required for this reaction is the dissociation energ\ 
for this particular 6-0 bond. This cleavage of benzoyl peroxide is a 
convenient source or free radicals for such reactions as the commercially 
important formation of plastics (polymers) from small molecules 
The reverse of homolysis is combination. The combination ol l«o free 
radicals must involve the disposition of excess energy (at least equal to the 
dissociation energy). This energy may be translerred to a t ir o s. or 
if the radicals are complex, may be divided among the various bonds ,n 

the resulting molecule (rotational and vibrational energies). 

Another Action of free radicals involves direct displacement b> a 
radical on one atom of a covalent bond (eq. 2). In this process t e ne 
bond formation is concerted (simultaneous) with the omo >sis o 

old bond. 


(2) '• Cl • + 


H 

H.CH 

• • 

H 


:cT 


H 

CH 

• • 

H 


CIH 


H 

C : H 

• • 

H 


Reactions involving free radicals are usually called homolytic. or simply 
free radical, reactions. For these types of reactions, bond dissociation 
energies directly influence the reaction course and reaction rate^ 

The energy of a bond between two atoms or groups. A and B. is show 
in Fig. 11-1. in this figure, represents the normal bond distance be- 
between A and B. When these two atoms are separated by a large is- 
tance, there is no interaction. As they are brought toget er. t e energ\ 
creases (system is more stable). The energy content reaches a minimum at 
*o and then increases rapidly due to nuclear repulsions. The energy re¬ 
quired to dissociate the bond into the fragments A an , w ic c 
neutral if the particle A-B is a molecule, is called the bond dissociation 

energy and is represented by the symbol D. 

Ease of halogenation of alkanes and of substituted alkanes depends 

largely on the relationship between the C H dissociation energ> an ^ e 

H—Cl or H — Br dissociation energy. In general, the lower the C 

dissociation energy, the more rapidly halogenation occurs at that position 

as the rale of halogenation at a position depends upon the ease o[attack 

of a halogen atom on the hydrogen of a carbon-hvdrogen bon . e xan 

ation of dissociation energies with position ot hydrogen is given in 

Table 1 l-l. 
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Energy 
Content 
of System 



Distance between Groups A and B 


Fig. 11-1. Morse Curve for Bond Dissociation En¬ 
ergy (see §4-ID). 


TABLE 11-1. Bond Dissociotion Energies' 



Bond 

D. % kcal./molc 

Bond 

D kcal./molc 

H- 

-CH, 

101 

H-OH 

116 

H- 

—CH,—CH, 

96 

H-O- 

103 

H- 

—CH,CH 2 CH, 

100 

H,C-CH, 

83 

H — 

—CH—CH, 

94 . 

H,C-CH,CH=CHj 

62 


CH, 




H — 

-chjCHjCHjCH, 

101 

H.C 

63 


CH, 



H — 

1 

—C—CH, 

89 

• <0^ cHi 

47 


CH, 



H — 
H — 

H — 

-CH-CH, 

—CH,—CH=CHj 

—C—CH 

A A 

tZ **J 

<r 

(CH c_c (-©), 

10-12 in 

solution. 

n— 

' 

102 

HjC-CH=0 

Br -CH, 

75 

67 




B — ©> 

71 

H — 


78 



H — 

R 

75 

a- ch,-^ 

• 

51 


b T I C ornell. ThcSirrn S ihi of Chemical BonJt. 2nd Id . Buiicruorth. London (I 
A It SchonundM S/»jfc. Proc Roy So* iL»nd<>n}. Srr A. 202. 263 ( 1950) 
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B. Heterolysis ond Coordination 

When a molecule dissociates in such a way that both of the shared elec¬ 
trons of the broken bond go with one of the fragments, the reaction is 
termed heterolysis. The reverse of this process, that is. the attachment of 
an electron-pair donor to an electron-pair acceptor, is called coordination. 
Many reactions involve these two separate stages. However, in many 
others, the two stages are merged so that the formation of one bond ac¬ 
companies the breaking of the other. An example of this direct displace¬ 
ment is eq. (3). 




• • 




coordination 



heterolysis 




+ 



Organic chemists term reactions which involve electron-pair transfers as 
heterolytic or “ionic” reactions, distinguishing them in this way from the 
homolytic or free-radical reactions, which involve electron pairing and 

unpairing. 


C. Electron Transfer 

The balance of reactions are electron-transfer reactions. Since these are 
most typically reactions of free elements or ions, they occupy a less im¬ 
portant position in organic chemistry than in inorganic chemistry. 


11-3 CHEMICAL EQUILIBRIA AND REACTION RATES 
A. Equilibrium Constants 

Whether a reaction can occur depends upon two things. First, the 
products must be more stable than or of the same order of stability as the 
reactants. Second, there must be a suitable pathway between reactants 
and products such that the reaction may proceed at an appreciable rate. 
The relative stabilities of products and reactants are related to the equi¬ 
librium constant. For example, in the reaction described by eq. (4), t e 
equilibrium constant, K, is given by eq. (5). If the numerical value o t is 
constant is larger than one, C + D must be more stable than A + B, and 

(4) A + B — C + D 

(5) K - GM 

IAMB] 

if the reaction proceeds rapidly enough under conditions where C and D 
do not react further, the yield of the products is substantial. We have 
already discussed the effect of stabilization of reactants or of products 
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upon equilibrium constants for ionization of acids and bases (see §7-3A(2), 
§10-2A, §10-2D. and §10-2E). Similar effects may be observed in other 
chemical equilibria. 

The equilibrium constants of reactions vary with temperature so that it 
is possible to control the extent of reaction in certain cases by changing 
the reaction temperature. An example of this principle, and also of the 
principle of mass action, is shown in eq. (6), which proceeds to the right 
at relatively low temperatures and at high hydrogen pressures, but to the 
left at 300° and low hydrogen pressures. 


( 6 ) CH 3 CCH 3 + H; 


, CuCrQ 2 


CH 3 CHOHCH 3 


The principle of mass action is often used to force a reaction closer to 
completion. A large excess of one (usually the cheaper) reagent may be 
used. For example, in the formation of esters, an excess either of alcohol 
or of organic acid is profitable (eq. 7) for an increase in (A) or (B) forces 
[Cj and [D] to increase to keep A constant at equilibrium. Similarly, re¬ 
moval of either product C or D from the reaction mixture, by distillation, 
it one of these is more volatile than A and B. or by precipitation, if this 
can be accomplished by conducting the reaction in a suitable solvent, may 
serve to bring the reaction to completion. 


(7) ROH + R'COOH 


H 


ROCR' + H,0 


B. Reactivity and Rates of Reaction 

Even assuming that a reaction has a very favorable equilibrium con¬ 
stant. there must be a pathway that reactants can traverse readily to be¬ 
come products if the reaction is to proceed at a reasonable rate. For this 
reason, we shall have a considerable interest in the study of reaction path¬ 
ways. called reaction mechanisms , as well as in the factors that control 
reaction rates or reactivities of molecules. 

(1) Reaction Order. In a reaction, say between A and B to give C, one 
of several possibilities is that A and B react directly with each other, with¬ 
out the involvement of intermediates, to yield C. In such a case, the rate 
ol reaction, which could be followed by noting how rapidly the concen¬ 
trations of A and B decrease or how rapidly that of C increases, is given 
b\ eq.(X) 


;8i rote - k[AjfBj 

where k is the specific reaction rale constant, and [A] is concentration of A 
in moles per liter. 1 he larger k, the faster the reaction proceeds. Increas¬ 
ing the temperature increases k. and changes in solvent usually modify k. 
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The rate of this reaction depends not only on the proportionality con¬ 
stant k, but also on the concentrations of A and B. Increasing (A] or [Bj 
increases the reaction rate, but does not change the value o! k for this 
reaction. A reaction such as this is called a second-order reaction and is 
dependent upon [A] to the first power and [BJ to the first power -total 
order, two. Another example of a second-order reaction is given in 
eq. (9). There are many examples of first-order reactions, such as given in 
eq. (10) or of third-order reactions, as indicated in eqs. (ID through (13). 


(9) rate = k(A] 2 


(10) rate = k(A] 

(11) rate = k(A)[B](C] 

(12) rate = k[A] J [B) 

(13) rate = k(A) 3 


The total of the powers, n, of concentrations of reagents is called the 

order of the reaction, or conversely, the reaction is ca e an n 0 
reaction. The order of the reaction is not generally what one mig t an.iu- 

pate from the stoichiometry of the overall reaction. n0 " * ge ° 
reaction order is of prime importance in determining t e mec ams i 
reaction. This can be done readily by varying the concentration of one 
reagent, such as A. If (A) is doubled, and the rate is unaffected, the reac¬ 
tion is said to be zero order in A. If the rate is doubled, t e reaction is 
first-order in A, if the rate is quadrupled, it is second-order in A. and so 
forth. This is repeated for all reagents to determine not only the total 
order, but also the order in each reagent. The mechanism lor t e reaction 

must be consistent with the experimental reaction order. 

(2) Reaction Modularity. The order of a reaction is an experimentally 
determined quantity which depends on reaction molecu arit>, u is no 
necessarily identical to it. Reaction modularity is the number ol moe- 
cules (or ions) making or breaking covalent bonds in a reaction. Thus, e 
reaction represented by eq. (14) is bimolecular; that represente > ec T 
(15) is unimolecular. In §1I-3E it is noted that the rate of a sequence o 
reactions depends on the slowest step. The moleculanty o t e overa 
reaction is considered to be that of the slow (rate-determining) step. 


(14) RBr + r -j I---R— Br |——► Rl + Br 

(15) R 3 CCI - RjC + Cr 

(3) The Collision Theory of Reaction Rates. From measurements of rates 
of reaction, and with experimental knowledge of reaction orders, it is pos¬ 
sible to calculate the specific rate constant, k, for a given reaction. s we 
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will be concerned with the effect of structure of organic reagents upon the 
value of k, it is of interest to consider two theories of reaction rates. 

One approach is the collision theory , which states that molecules react 
only when they collide, and then only when they contain at least a suffi¬ 
cient quantity of energy, called the activation energy, E a . The frequency of 
fruitful collisions is calculated from the kinetic collision rate, Z, and the 
fraction of molecules that are activated, e ~ Ea ' RT , in which e is the base of 
natural logarithms, R a universal constant, and T the absolute tempera¬ 
ture. Also involved is a probability factor, P, which takes into considera¬ 
tion that molecules must be suitably oriented to react when they collide, 
and that perhaps not all favorable collisions lead to products. The overall 
collision theory equation for the rate constant is eq. (16). 

(16) k = PZe~ l ° ,ST 

In logarithmic form this becomes eq. (17). A plot of log k vs. \/T gives 
a straight line from the slope of which one may determine the activation 
energy, for the reaction. The distribution of energies of individual 
molecules at different temperatures, called the Boltzmann distribution, is 
shown in Fig. 11-2. Most of the molecules have energies close to the 


Fraction of 
Molecules with 
the Kinetic 
Energy 



Kinetic Energy, 
kcal./mole 


Fraction of 
Molecules with 
the Kinetic 
Energy 



Kinetic Energy, 
kcal./mole 


A B 

Fig 11-2. Effect of Temperature on Activation of Molecules. (A) Distribution 
of Kinetic Energies of Molecules:—at 20°,... at 100°. (B) proportion of Molecules 
with Activation Energy; solid black, 20°, hatched plus black, 100°. 

average with a small fraction having much less or much more than the 
average. 


(17) log k = log PZ 


Eg 

2.303 RT 


C. The Transition State Theory of Reaction Rates 

Although the older collision theory was quite useful, it has been re¬ 
placed almost entirely in theoretical organic chemistry by the transition 
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2 33 



Reaction Coordinate 

Fig. 11-3. Energy Diagram for Single-Step Reaction. 

state theory. If we assume a reaction between A and BC to give AB and C 
directly and without the intervention of intermediates, we may rep resen 
this reaction as in Fig. 11*3. When A attacks BC, as the A—B bond is 
being formed, the B—C bond is being stretched. At the beginning o e 
reaction there is no A—B bond at all and the B-C bond is at the norma 
bond distance. At the end of the reaction there is no B on an 
A—B bond is at its normal bond distance. At other positions a ong e 
reaction coordinate (Fig. 11-3), each bond may be considered as a par la 
one with the A—B and B—C bond distances both greater than those in 

the normal nonreacting bonds. 

Figures 11-3 and 11-4 show that, as the A-B bond begins to form, less 
energy is released than is absorbed by the corresponding partial separa¬ 
tion of the B—C bond. Consequently, the energy of the system rises as 
the bond transfer begins, achieves a maximum where the system is eas 
stable, then falls again as the products near formation. The na separa 
tion of the B—C bond absorbs less energy than the corresponding na 
formation of the A-B bond releases. This is true regardless of the path¬ 
way of the reaction (heterolytic or free radical), since between any set o 
reagents and their products must occur some transient comp ex o esser 
stability. The maximum point on the energy diagram for the reaction 
(Fig. 11-3) represents what is called the transition state of the reaction. 

If it were possible to know the structure and properties o t e transi ion 
state (TS), so that one could calculate its free energy, then one could 
calculate the rate of reaction from this and from knowledge of the tree 
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energy of the reactants. However, the transition state is not a stable, 
isolable species, but in fact is the least stable point on the path that the 
system traverses. In practice it is possible only to make educated guesses 
as to its nature. 

The pathway of a reaction on an energy diagram is called the reaction 
coordinate (R — R in Fig. 11-4). It requires a three-dimensional model 
(Fig. 11-4: system H, H, Br) to give the energies related to the two inter¬ 
group distances. Straightening out the reaction coordinate into a plane 
diagram gives the related energy diagram for the usual transition state 
(Fig. 11-5, see also Fig. 11-3). 
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The difference in energy between the transition state and the: 

represents the energy barrier over which the reaction m P * 
higher the energy barrier, the slower the reaction, since fewer molecules 

possess the required energy (see Fig. 11-2). r _ rt .. nls and 

The transition state has a structure between t a the 

that of the products. It resembles reactants more than pr -. 

transition state is close (in reaction coordinate) to t e rue (Fie. 

U-6A) and products more than reactants when t e conve . 

11-6B). The former situation is generally true in highly ^ergon. 
liberating) systems and the latter in highly endergomc (energ>-absorbing) 

If one chooses a proper model for the transition slate, the ' ' of 
groups on its stability can be predicted. II a certain c angt lhe 

nature of the reactants stabilizes the transition state more * . 

reactants (Fig. 11-7A) then the reaction goes faster. If a < L . 

stabilizes reactants more than transition state, the activauon ret ‘ 

increased (Fig. J1-7B) and the reaction rate decreased. The m c 
modified at will until it best fits the experimental data. 
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A B 

Fig. 11-6. Energy Diagrams for Reaction^ with (A) Large negative A F and 
(B) Large positive A F. (A) Exergonic reaction in which TS resembles reagents. 
(B) Endergonic reaction in which TS resembles products. 




A B 

Fig. 11-7. Energy Diagrams for Effects of Stabilization of Reagent and Transi¬ 
tions State on Free Energy of Activation. (A) Transition state stabilized more 
than reagents, A F l decreased. (B) Reagents stabilized more than transition state, 
A F* increased. 


D. Quantitative Treatment of Equilibria 

A branch of physical chemistry called thermodynamics is concerned 
with the quantitative treatment of equilibrium energy relationships. The 
following equation can be derived to describe any chemical equilibrium. 
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(18) -A F 

Driving force 
(total work done 
by the reaction; 
decrease in chemical 
potential energy) 


TAS 

Energy involved in 
change of freedom 
of system 


AH 

Heat put into 
the reaction 


In eq. (18), A F is the change in free energy from reactants to products, 
A// is the heat of reaction, and AS is the change in entropy. The tree 
energy is a measure of the driving force of the reaction and is negative for 
exergonic reactions, which proceed spontaneously, as can be seen rom 

eq.(19) 

(19) -af = 2.3 RT log K 

where R is a constant, T is the absolute temperature, and K is the equi¬ 
librium constant for the reaction (see eq. 5). A H is the heat o | e rc * c ,on 
and can be measured in a calorimeter or estimated as escri e e °^• 
While the terms exergonic and exothermic are sometimes interchanged, 
the former term refers to a negative Af. while the latter refers to a nega¬ 
tive A H. Thus, some of the potential energy of the reaction increases or 

decreases the randomness of the system; the balance pro uces eat. 

driving force, - A F, is the total decrease in chemical potential energy when 
a specified number of moles of reactants is converted to the equivalent 
number of moles of products. If the chemical potential energy increases 
(endergonic reaction), work must be done to make the reaction occur, an 

it is not spontaneous. e . , 

The change in entropy of a reaction, AS. is a measure of he change n 

freedom or randomness of a system. The natural tendency of systems is to 

become as random as possible (high entropy content). Any restnc ion 

upon this (such as lining up molecules or atoms in a mo ecu e in a giv 

conformation) lowers the entropy and corresponding y ma es 

positive (eq. 18). This then reduces the driving force of a reaction. 

Since TAS is temperature dependent, it is possible to make an en 

gonic reaction become exergonic by a suitable change in tcm P® ra VJf' 

One way to estimate the heal of a reaction is to ca cu ate c * 

in bond energies of reactants and products from the «*ta o a e 

For the oxidation of methanol to formaldehyde, the fo owing ca cu 

tion is involved. 
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Bonds broken: 

^ 0=0 = 59 kcal./mole 

0—H = 111 

C—0 = 86 

C—H = 99 

Energy input: 

355 kcal./mole 

Bonds formed: 

C=0 = 166 kcal./mole 


2 0—H = 222 

Energy release: 

388 kcal./mole 


Heat of reaction, AH: -33 kcal./mole (exothermic) 


This is an approximate method, which works fairly well for non- 
conjugated systems. Resonance completely upsets calculations based on 
bond energies. While increments due to conjugated systems can be ap¬ 
plied, they are not very precise. 


TABLE 11-2. Bond Energies* 


Bond 

Energy. 

kcal./mole 

Bond 

Energy, 

kcal./mole 

Bond 

Energy, 

kcal./mole 

H —H 

104 

C —N 

73 

C—Br 

66 

H—C 

99 

C=N 

147 

C—I 

57 

H —N 

93 

C = N (HCN) 

207 

N—N 

39 

H—0 

111 

C=N (RCN) 

213 

N=N 

100 

H —F 

135 

C—0 

86 

N=N in N 2 

226 

H —S 

8l b 

C=0(C0 2 ) 

192 

N—0 

48 

H—Cl 

103 

C=0(CH 2 0) 

166 

0—0 

33 b 

H —Br 

88 

C=0 (RCHO) 

176 

(Peroxide) 


H —1 

71 

C=0 (R>CO) 

179 

Bonds in 0 2 

118 

C-C 

83 

C-F 

105 

F—F 

37 

c=c 

146 

C-S 

62 

Cl—Cl 

58 

C=C (CiH 2 ) 

194 

c=s 

114 

Br—Br 

46 

C=C (ave.) 

200 

C-CI 

79 

I—1 

36 


ij 

b T L. C ottrell. The Strengths of Chemical Bonds , 2nd. Ed., Buttcrworlh, London (1958). 

L Pauling. The Nature of the Chemical Bond. 3rd. Ed., Cornell University Press, Ithaca. N.Y.(I960). 


(1) Quantitative Treatment of Transition State. In the transition State 
theory of reaction rates, the transition state is presumed to be a species 
with thermodynamic properties. It is further assumed that the transition 
state is in equilibrium with the reactants, whereupon a corresponding 
energy relationship can be written (eq. 21) 

(21) -AF 1 = TAS 1 - AH 1 

where t denotes the transition state, AF 1 is the free energy of activation 
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(difference between energy of ground state or reactants and energy of 
transition state), AH 1 is the heat of activation (nearly equal to the 
Arrhenius energy of activation, E a described in §11 -3B(3)), and AS : is the 
entropy of activation. Activation is thus the process of going from ground 
state to transition state. 

If the transition state for a simple reaction between A and B is denoted 
as AB 1 , then the rate of the reaction is assumed to be proportional to the 
concentration of AB 1 (experimentally it is proportional to the concentra¬ 
tions of A and B, as well). We therefore have the relationship of eq. (22) 

(22) rate of reaction = k(A][B) = C(AB ! ) 

where C is a derivable proportionality constant. From the assumed equi¬ 
librium A + B — AB 1 we get the relationship for its equilibrium constant 

(23) K l = 

|A]IB] 

and thus 



. = C(AB*) 
“ (A](B] 



and 

(25) -A F l = 2.3 RT log K* = 2.3 RT log k/C 

From eq. (25), it may be noted that the more positive AF l is, the smaller 
k is. For simple reactions, AH 1 is always positive (k increases with in¬ 
creasing temperature). The larger AH 1 is. the slower the reaction. AS 
may be positive (rate-enhancing) or negative (rate-retarding) depending 
upon whether or not the transition state is more restricted than the 

reactants. 

A particularly simple reaction to formulate is the reaction of met > 
bromide with radioactive bromide ion. Except for minor kinetic isotope 
effects (due to effects of mass differences) the forward and reverse reac¬ 
tions of eq. (26) are identical. The rate of the reaction may be followed 


(26) *Br“ + CHjBr — *BrCH 3 + Br“ 

easily by noting how rapidly radioactivity is transferred into the alkyl 
bromide. In this case the transition state is symmetrical; both carbon- 
bromine bonds have the same length and strength, and the transition state 
H 

(Br • • • C. . . Br)~ lies precisely halfway between reactants and products, 

H H 

both of which have precisely the same energy content. Figure 11-3, which 
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describes a nonsymmetrical case (e.g., the reaction of methyl bromide with 
iodide ion), would have to be adjusted appropriately to accommodate the 
symmetrical case. 

♦ 

E. Consecutive Reactions 

Thus far the discussions have been limited to simple reactions in which 
reactants proceed directly to products without the intervention of inter¬ 
mediates. While there are many examples of such paths, there are also 
many cases where one or more intermediates intervene. The intermediates 
may vary from relatively stable species, which can be isolated from the 
reaction mixture, to relatively unstable or reactive ones, where evidence 
for their existence may sometimes be obtained, but isolation is not pos¬ 
sible. When an intermediate is involved in a reaction, there is a transi¬ 
tion state lying at each free energy maximum between it and the reactants 
and between it and the products. A stable intermediate lies in a deep 
trough in the energy diagram (Fig. 11-8); a reactive intermediate lies in a 


Free Energy 
Content of 
System 



Reaction Coordinate 

Fig. 11-8. Energy Diagram for a Two-Step Reaction with a Stable Intermediate. 


shallow depression in the energy curve, (Fig. 11-9), and a transition state 
always lies at an energy maximum. One should note that multistep reac¬ 
tions are really series of single steps in which different transition states 
separate reactants and first intermediates, first intermediates and second 
intermediates, etc., and finally last intermediates and products. 

Even when intermediates have too brief an existence to be isolated, it is 
often possible to get evidence of their existence and sometimes of their 
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Free Energy 
Content 



Reaction Coordinate 

Fig. ,1-9. Energy Diagram for a React,on in Wh.ch the First Step is Rate- 
Determining. 

properties by methods such as spectroscopy or reaction-rate studies, or by 
trapping them with substances with which they react very rapidly. When 
intermediates are involved in reacttons, the overall rate equation » often 
more complicated than when there are no intermediates. In reaction 
given in eqs. (27) and (28), where A and B are reactants, I 15 ' he " ,e 
mediate and C the final product, it is possible, for example for the ^ 0 
formation of I to be much slower than the rate at which I is transformed 

to C (Fig. 11-9). 


(27) A + B —* I 

(28) | — C 


Under such circumstances, the overall rate of react, on i approximalely 
equal to the rate of formation of I. As I has a substantially lower energy 
barrier (Fig. 11-9) to cross to go to C than to return to reactants, sub¬ 
stantially all of the 1 formed goes to products. AF or t is si ua 10 
Simply the AF' for eq. (27), that is, to th e first transition state. 

An example of such a situation is observed in the dilute alkaline 
hydrolysis of fen-butyl bromide (shown in eq. (29) (see )IMB(2) fo 
details). 


(29) (CHakCBr + OH' • (CH 3 ) 3 COH + Br 

ferf-butyl bromide Jerf-butyl alcohol 

This is a two-step process in which the first step involves the heterolysis of 
the carbon-bromine bond to give a reactive carbomum-ion intermediate 
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Free Energy 
Content 



Reaction Coordinate 

Fig. 11-10. Energy Diagram for a Reaction in Which the Second Step Is Rate- 
Determining. 

(eq. 30) and the second is the rapid coordination of that ion with hydrox¬ 
ide ion (or water, followed by neutralization) (eq. 31). The overall rate of 
the reaction thus depends on the rate of formation of the carbonium-ion 
intermediate. 

(30) (CH 3 ) 3 CBr — bw » (CH^C* + Br- 

(31) (CH 3 ) 3 C + + OH" —- st - * (CH 3 ) 3 COH 

For an alternative reaction (Fig. 11-10), the intermediate, I, although 
still unstable with respect to A and B, has a lower energy barrier to cross 
to return to reactants than to go on to products. When these height dif¬ 
ferences are substantial, eq. (27) becomes an equilibrium (eq. 32), and the 
second step (eq. 28) becomes rate-determining. In such a case, A F x is the 
barrier height from reactants to the second transition state. 

(32) A + B ~ I 

An example of this type is the formation of epoxides from chloro- 
hydrins with alkali (eq. 33). The first step (eq. 34) is a rapid and reversible 
acid-base proton transfer, while the second step is a slow one in which a 
carbon-oxygen bond is formed and a carbon-chlorine bond is broken 
(eq. 35). 

(33) HOCHjCHjCI + OH' - CH 2 -CH 2 + H 2 0 + Cl" 

ethylene chlorohydrin ethylene oxide 
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fast ® 

(34) HOCHjCH 2 CI + OH" OCH 2 CH 2 CI + H 2 0 

^ slow 

(35) OCH 2 CH 2 CI -* CH 2 —CH 2 + Cl" 

\/ 

A slow step in a series of consecutive reactions is a bottleneck govern¬ 
ing the rate of the whole series. Thus in the examples above, the first step 
(formation of the carbonium ion) is the rate-determining step in the 
hydrolysis of /m-butyl bromide, while the second step is the rate-deter- 
ming step in the ethylene oxide formation. The idea of the rate- 
determining step in multistage reactions is one much used in studies in 
organic chemistry. Many apparently simple reactions have a number of 
steps, of which one or more is relatively slow and therefore termed rate- 
determining. 


11-4 TYPES OF REACTIVE INTERMEDIATES 

The transition states near to reactive intermediates (Figs. 11-9 and 
11-10) resemble closely the intermediates themselves, hence information 
about the intermediates is very helpful to understanding the reactions. 
Several types of reactive intermediates have been recognized as partici¬ 
pants in organic reactions, including, among others, carbonium ions, free 
radicals, carbanions, carbenes, and arynes. These will be treated in detail 
in later chapters. However, a look at the first three of these may be help¬ 
ful here. A carbonium ion, Y 3 C + , contains a carbon atom which has 
only six electrons in its valence shell and which has a positive charge. A 
carbon free radical, Y,C-, contains a carbon atom which has seven elec¬ 
trons in its valence shell. The high reactivities of carbonium ions and 
carbon free radicals are caused by the necessity of the carbon atom to 
complete its octet. A carbanion, Y 3 C:\ has an unshared electron pair 
and a negative charge on a carbon atom. Its high reactivity is due to its 
strong basicity and nucleophilicity (see below). 



a corbcnc benzyne, 

on aryne 


11-5 TYPES OF IONIC RE AGENTS; ELECTROPHILES 
AND NUCLEOPHILES 

For those reactions which have been designated heterolytic or ionic— 
that is, for electron pair reactions it is clear that one of the reagents is 
the electron-pair donor and the other the electron-pair acceptor. It is thus 
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apparent that the Lewis acid-base theory applies specifically and generally 
to this type of reaction. The electron pair acceptor is called an electro¬ 
phile or electrophilic reagent and is more reactive the greater the tendency 
to gain an electron pair. These reagents (which may also be termed Lewis 
acids) must either have an empty or potentially empty orbital which can 
accept the electron pair or lose a group with an electron pair in the course 
of reaction. 

An electron-pair donor is termed a nucleophile or nucleophilic reagent 
(also Lewis base), for it seeks an atomic nucleus with which to share its 


TABLE 1 1-3. Typical Electrophiles 


Compounds Containing Electron-Deficient Atoms 


Cl: 

ALCI: 

• a • • 

Cl: 



Zn.CI: 

• • • • 

• Cl: 


• • 


:CI: 

• • • • 

Fe:Cl: 

• • • • 

:CI: 

• • 


Compounds Containing Elements or Groups in Covalent State Which Are More 
Stable as Negative Ions, or Which Have a High Concentration of Electro¬ 
negative Elements 


• • 

• • • • 

.. P. 

H 

:C1: 

• Cl: 

H'-CI: 

• • 

: 0:: S : 0: 

• • • • 

H:0:N. 

H :C:C1: 

:P:Cl: 

• • # • 

:S:0 


:0: 

• • • • 

.0. 

• • • • 

H 

• • • • 

:CI: 

• • • • 

:CI: 


Nonmetallic Positive Ions and Certain Metal Ions 


© 

.. © .. 

H P: H 

: 0:: N:: O: 

H 


Ag® 

Hg 2 * (but not solvated Na + or K + ) 


Compounds of Elements Which Can Accept Electron Pairs into d Orbitals 




Si: Cl: 



Cl Cl 

\ / • 

.Cl X I x Cl 


Cl: 


PFj (like PCI,) 


SbF, (like PCI,) 
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electron pair. It should be apparent that these two reagent types meet 
each other’s electronic demands—that is, nucleophilic reagents react w ith 
electrophilic reagents. Some of these are exemplified in eqs. (36) through 
(40) and Tables 11-3. and 11-4. It is perhaps needless to state that sub¬ 
stances vary substantially in their strengths as nucleophiles or as elec¬ 
trophiles. 


(36) 

np- 

nucleophile 

+ 

ele< 

(37) 

:Cl:~ + 

• • 

ZnCI 2 

(38) 

M 

O: 

• • 

+ 

H: Cl • 

• • 

(39) 

• • 

:i:~ + 

• • 

CHjX): 

(40) 

(CH 3 )jN: 

+ bf 3 


ep 


np'ep 


38) H 2 6: + H:C): — H ? OH + -C\:~ 

;39) + CH 3 :CI: -* ■)'} CH 3 + : C) : " 

© ©*' 

(40) (CHjJjN: + BF 3 — (CH 3 ) 3 N:BF 3 

Chemists are now attempting to derive a general theory of nucleophilic 
ity (strength of a nucleophile) and electrophilicity. 

TABLE 11-4. Typical Nucleophile* 


Negative Ions of Elements Stable in Covalent State 

© © © © © 0 
:0:H :S: 2 ~ :S:H :S*:R-‘ ^0:R :N:H 

. H 


A 


R-C j>© R, 
O 


Molecules Containing Unshared Electron Pairs 

• • • • 

H:N:H R:N:H etc. H:O H R O H etc. H:S:H R S H R I 
• • • • 

H H 


.0: H 


R-C. 


O: 


Molecules Which Contain Pi Orbitals on Relatively Electropositive Atoms 


H H 

C::C. 

« • 

H H 


H. H 

CC. 

H:cO C:H 

CC. 

H H 


O© 
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11-6 STERIC FACTORS; MOLECULAR GEOMETRY 
A. Steric Hindrance 

For reagent particles to interact, their active centers must be able to 
touch; indeed, the groups present in whatever transition state is formed 
must not be too crowded, or the transition state will be so difficult to form 
that reaction will occur only very slowly. Although there is a certain 
amount of flexibility in molecules, as exemplified by abnormal bond 
angles due to repulsive forces (Fig. 11-11), bulky groups can place severe 
restrictions on the formation of transition states (Fig. 11-12). Such slow¬ 
ing or preventing of reaction due to spatial interference of groups is 
termed steric hindrance , one of several primary steric effects , and is noted 
when there is severe crowding of groups in the transition state as com¬ 
pared with reagents. 



Fig. 11-11. Abnormal Bond Angle in Dichloromethane 
Due to Charge Repulsions (or Alternatively, Due to Un¬ 
equal Hybridization of sp } Orbitals). 


B. Steric Acceleration 


On the other hand, certain types of transition states have less crowding 
than the reagents. Such a situation leads to steric relief, or decrease of 
crowdedness, when the transition state is formed, and may involve sensa¬ 
tional increase in reaction rates when bulky groups are present. This phe¬ 
nomenon is termed steric assistance or steric acceleration. For example, 
the reaction-rate constant for eq. (42) is 40,000 times that for eq. (41). In 
these reactions, the rate-determining step involves the formation of a 
carbonium-ion intermediate. This ion has 120° angles between the groups 


(41) 


(CH 3 ) 3 CCI 



Ch V©/ CH 3 


CH 3 




(ch 3 ) 3 coh + h 3 o + + cr 
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Fig. 11-12. Crowding in One Conformation of a Transition State During a Hm 
dered Displacement of Bromide by Iodide in 2-Bromo-3-methylbutane. 


CH 3 overlaps I 


CH 3 and H 
straddle Br 


(CH 3 ) 3 C 

(42) (CH 3 ) 3 CCCI 

(CH 3 ) 2 CH 

(CH 3 ) 3 C 


HjO 


Ich 3 ) 3 c C(Ch 3 ) 3 ci 

\©/ 

c 

ch 3 chch 3 


© 


(CH 3 ) 3 CCOH + H,Q + Cl 



(CH 3 ) 2 CH 


on the cationic carbon, while the initial halide had tetrahedral carbon, 
with angles of nearly 109.5°. The transition state therefore has more 
room between groups than the reactant. Since this is more important wit 
large groups than with small ones, steric acceleration is observed. 


C. Conformational Effects and Stereospecificity 

Steric efTects also involve restricted rotation of groups about bonds. 
While rotation does occur about single bonds in open chain compounds, 
§5-1B, even in ethane it is not completely free (Figs. 1I-13A and 11-14). 
Particular conformations are favored, especially when large^groups or 
atoms with charge repulsions are involved, such as 1,2-dichloroethane 

(Figs. 11 -13B and 11-15). . 

Certain reactions are stereospecific, which means that entering or eav- 

ing groups must have certain spatial relationships to each other (e.g.. 
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staggered 

eclipsed 



1111 

0 180 360 

Degrees Rotation 


transoid cisoid skew 

i 



A B 

Fig. 11-13. Potential Energy of Molecules as Func¬ 
tion of Angle of Rotation. (A) Ethane, (B) 1,2-Di- 
chloroethane. 


H 



H 


H 


HH 




A 



Fig. 11-14. Conformations of Ethane. 
(A) Staggered, (B) Eclipsed. 



outline 43). For such reactions, preferred conformations in the transition 
state can control the rate and sometimes the course of the reaction. 

D. Configuration and Intramolecular Reactions 

Orbital p-p pairing to form 7 r bonds usually completely restricts rota¬ 
tion at 20°. The energy barrier, often in the neighborhood of 40-50 kcal./ 
mole (Fig. 11-16), between the cis and trans isomers can usually be crossed 
only at relatively high temperatures, or w'hen energy is added by absorp¬ 
tion of light. 
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Cis and irons isomers are not necessarily of equal energy; if the mole¬ 
cules are given enough energy to pass over the potential barrier they 
usually form an equilibrium mixture favoring the irons isomer. Theid. - 
ference in energy, A/\ between the cis and irons forms (Fig. 11- ), 

determines the point of equilibrium. 



Q O-, 

T? 5 $ ^ 

Fig. 11-15. Conformations of 1, 2 -Dichloroethane. (A) Stag 
gered (transoid), (B) Eclipsed (cisoid), (C) Skew (gauc c 
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unbonded 

p-orbitals 



ir-bond 
(p-p orbital 
overlap) 



(600° K) 


(273° K) 


unbonded 

p-orbitals 

l 




1 



Trans c/s 


A B 

Fig. 11-16. Energy Barriers lo Rotation in Double Bonds. (A)Eth 
ylene, (B)2-Butenc. 


In cyclization reactions the importance of geometric factors is quite 
obvious. Maleic and fumaric acids, which are cis-irans isomers, perform 
invaluable roles as reference compounds for establishment of configura¬ 
tions of all cis-irans isomers. Maleic acid (m-butenedioic acid) is very 
readily converted to a cyclic anhydride (eq. 44). while fumaric acid is not. 
When very strongly heated (cq. 45), fumaric acid forms maleic anhydride, 
but must change configuration to do so. 


(44) 


H — C—C — OH 


H —C —C—OH 


160 * 


O 

II 

H—C — C 


H —C —C 


> 


O 

maleic acid 


o 

maleic 

anhydride 


+ h 2 o 
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HO—C—C—H 


230' 


H—C—C—OH 


H —C — 


H—C —C 


O + h 2 o 


(45) 


O ^ 

fumoric ocid 

Iodine lowers the potential energy barrier between cis and irons isomers 
by temporary formation of an unstable, free-rotating radical (eqs. 46 an 

47). 

(46) l 2 = 21- 


I O 


H—C—C—OH 


(47) 


+ I- — 


H—C—C—OH 

II 

O 


H—C —C —OH 


h-c-c-oh 

o 


HO-C-C-H 


H-C-C-OH 

' II 
o 


HO—C—C —H 


H —C —C —OH 


O 

The greater stability of the irons form in those isomers ol which the 
configuration has been unequivocally established is the genera ru 
though there are a number of exceptions. Also, the irons isomer 
often has the higher melting point. These facts have been used as guides 
in assigning tentative configurations before unequivocal proo . 

Reliable configurations can be established only in cases w *re 
lion is possible, or where the isomers can be related by mild chem ca 
transformations to reference compounds such as the utene ioic ac * • 
Infrared and nuclear magnetic resonance spectra have provi e 
methods of assigning configuration which are quite reliable. 


11-7 RESONANCE IN CONJUGATED SYSTEMS 

Resonance which delocalizes p electrons with little effect on^the 
distribution in a molecule or fon contributes largely to t e sta i i y 
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molecule or ion. Thus, the resonance energies of aromatic hydrocarbons 
arc relatively large: benzene, 36 kcal./mole; naphthalene, 61 kcal./mole; 
anthracene, 84 kcal./mole. Delocalization of a charge likewise con¬ 
tributes greatly to stability. Acetate ion, guajiidinium ion, C(NH 2 ) 3 + and 
the allyl cation CH(CH 2 ) 2 + are examples in which resonance stability con¬ 
tributes to acid strength of acetic acid (§7-3A(2)), base strength of guani¬ 
dine (§10-3B), and ease of nucleophilic displacement in allyl halides 
(§12-1 B(4)). 

Resonance which involves charge separation contributes relatively less 
to stability of a molecule or ion, unless large electronegativity differences 
between the atoms which bear portions of opposite charge are in the 
direction to favor the charge separation. Thus, acetic acid has 15 kcal./ 
mole of resonance energy; acetamide has 25 kcal./mole and the less 
stable tautomeric form of acetamide has electronegativity differences in 
the wrong direction. The esters of the imino tautomer, called alkyl 

x O i - ^ OH 

CH ’ C X . CH < , CH < 4 - 

oh nh ? 4+ nh 

acetic acid acetamide acetomide 

imiiio tautomer 

acetimidates or alkyl iminoethyl ethers, are correspondingly highly re¬ 
active. 

When charge separation is in the direction to place one of the charges 
near another locus of charge of like sign, the contribution of such reso¬ 
nance to the stability of the ion is negligible. This was already cited as 
a contributing factor in the low acid strength of anisic acid (§10-2E). On 
the other hand, when one of the charges in the resonance-stabilized polar 
molecule is delocalized, such resonance is more important to stability than 
when neither charge is appreciably delocalized. Thus, anisic acid (§10-2E) 
is more stable than acetic acid because the positive charge is extensively 
delocalized in the former. 


04 - 

4 + 

OH 

anisic acid 
(total i+ cs j-) 

C ross-conjugaiedsystems (I through III) have lower resonance energies 
than comparable linear or closed systems. Thus, fulvenes have 2 kcal./ 

mole of resonance energy less than 1,3,5-alkatrienes and about \ of the 
resonance energy of benzene. 
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Y=C. 

:A 

\ 

\ 

C=X 

/ 

/ 

z=c 

Y=C 

\ 


1 

II 


• A 

X C=Y 

/ 


III fulvenes 


CHj=CH 

\ 

CH=CH 

\ 

CH=CR 
1,3.5-olkotrienes 



The effects of resonance on chemical reactions (equilibrium and reac¬ 
tivity) are profound and in many cases predictable. In equilibrium situa¬ 
tions, any change which increases resonance stabilization in products 
more than in reactants shifts the equilibrium toward products. The con¬ 
verse is also true. In reactivity considerations, resonance effects on 
transition states and on reactants are considered. If changes in substrate 
increase resonance stabilization of the transition state more than re¬ 
actants, the reaction rate is increased. If reactants are stabilized by 
changes more than the transition state, the rate is decreased. 


11-8 CATALYSIS 

It was noted that the rate of a reaction depends upon the height of the 
free energy barrier, AF l . The number of molecules crossing the barrier 
per unit of time can be increased by raising the temperature. This is often 
done by conducting reactions at the refluxing temperature of the solvent. 
Temperatures higher than this can be reached by conducting the reaction 
under pressure in an autoclave or in a sealed tube, but such devices have 
limitations. In addition, raising the temperature may cause competing 
reactions of reactants, of intermediates, or of products to intervene so that 

utilization of the reaction may be unsuccessful. 

An alternative procedure for increasing the rate of a reaction is to find 
a new pathway with a lower AF' This is the function of a catalyst. A 
catalyst modifies the reaction course in such a way that the new transition 
state containing the catalyst is lower in energy than the unmodified one. 
A catalyst thus operates by involving itself with reactants in the rate¬ 
determining step or in a step preceding the rate-determining step, so that 
it is present in the rate-determining transition state and can stabilize it. 
The catalyst then dissociates itself from the products and is thus re¬ 
generated for subsequent use by other molecules. For practical reasons, it 
is necessary that the catalyst does not accelerate competing reactions to 

the same extent as the desired reaction. 

Catalysts function in various ways. Solid catalysts often provide active 
sites on which reactions may occur: these may be, for example, acid sites 
where acid-base reactions take place or sites where hydrogen molecules 
are dissociated in hydrogenation-dehydrogenation catalysts. Such cata- 
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Iysts are adsorptive materials, and molecules must be adsorbed to become 
activated. 

In a chemical equilibrium a catalyst cannot change the equilibrium 
constant, since to do so would be to do work on the reaction in violation 
of the principle of conservation of energy. Thus, a catalyst must affect 
the rates of the forward and reverse reactions proportionately. There are 
many cases in which the catalyst for certain steps in an overall reaction is 
consumed in later steps as a reactant, so that the foregoing statements 
have certain readily understandable exceptions. 

The many specific catalysts for specific reactions are noted in appro¬ 
priate sections of this text. 

Activation by light (sometimes erroneously called catalysis) involves 
the dissociation of molecules into free radicals (photolysis), an example of 
which is given in eq. (48). These radicals may initiate chain reactions 
(§15-2). A photon of light (hi>) is consumed for each molecule dissociated. 

(48) Cl 2 —2 Cl* 

A. Acid and Base Catalysis 

Among the most common catalysts for organic reactions are acids of 
both the protonic and the Lewis type. The dissociation of an alcohol into 
a carbonium ion and hydroxide ion (eq. 49) does not proceed at an 
appreciable rate, while the acid-catalyzed reaction (eq. 50) goes readily in 
many cases. In addition, direct displacement of hydroxide from an 
alcohol by a nucleophile does not occur (eq. 51). Again acid catalysis 
makes such a reaction possible (eq. 52). The cleavage of carbon-oxygen 
bonds is, in general, subject to acid catalysis, as are many other reactions. 


(49) 

ROH 

“X* R + 

+ 

OH ~ 

does not go 

(50) 

ROH 

+ H* 


ROH, 

-* R 4 + OH, 

(51) 

Y: ” 

+ ROH 

-X- 

Y'R 

+ OH does not go 

(52) 

y: ” 

+ ROH, 

-—• 

■ Y:R 

+ OH, 


Many reactions have their rates increased by bases and are therefore 
base-catalyzed. These bases follow one of the paths described above for 
the action of catalysts and may therefore properly be called catalysts. 
However, in the course of many base-catalyzed reactions, acid species 
are formed, which of course consume base so that the base is involved in 
the stoichiometry of the reaction. Some chemists prefer to call such re¬ 
actions base-promoted reactions. 

B. Solvent Effects 

The vast majority of inorganic reactions occur in water as solvent. In 
this situation, solvent effects are comparable, hence can be neglected. 
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especially for dilute solutions in which the concentration of the solvent is 
virtually constant. Organic reactions, however, are of necessity carried 
cut in a variety of different solvents. The polarity, polarizability. and 
hydrogen-bonding ability of the solvent have important influences on the 
rate, and often the character, of the reaction. The chemical nature ol the 
solvent (acidity, basicity, etc.) is also important. In general. when the 
transition state for a reaction is more polar than the reactants, the reaction 
is accelerated by highly polar solvents, as the polar solvent tends to sta¬ 
bilize the more polar state to a greater degree. For the same reason, re¬ 
actions involving dispersion or loss of charges in the transition state are 
favored by nonpolar solvents (see Fig. 11-7). Free radical reactions are 
little influenced by the polarity of solvent, but can be influenced to some 

degree by any radical-stabilizing effects of solvents. 

In most of the reactions discussed in this text, it will be assume t at 
ionic reagents are dissociated into their free ions. This assumption is 
often not true, as, in solvents of low dielectric constants, such reagents in 
fact exist as ion pairs or ion aggregates. Changes in solvents from one ot 
low dielectric constant to one o! high dielectric constant may a\e sig 
nificant effects on reactivity. In addition, certain solvents have remark¬ 
able affinities for cations and low affinities for anions. Such solvents, in 
which anions are substantially bare, increase the reactivity of these anions 
as nucleophiles or as bases by factors often exceeding 10* over correspond¬ 
ing reactions in water where the anions are strongly solvated. 


11-9 PRINCIPLES OF SYNTHESIS 


A. Synthesis Economics 

Three primary considerations in the choice of a path to a desired com 
pound are the overall yield, the cost of materials, and the length ol time 

required for the synthesis. 

The overall yield of a product is the yield over the several steps from 
the first reagents to the desired products. Human effort, utilize reagents, 
equipment, and power are wasted unless a gratifying quantity o e 
product is obtainable. In working synthesis problems, we must keep in 
mind that only bona fide reactions, preferably those which give high 
yields, are acceptable. Not all reactions that look good on paper yield 
to practice. There is no place for fairy tales; the yield for an impossi e 
reaction is zero (as is also the grade for an answer including impossible 


steps). 

Process cost can be a factor in both laboratory syntheses and industrial 
processes. Reactions requiring heavy equipment or tricky separations are 
usually confined to industrial processes, where the savings in time and 
manpower often offset heavy equipment expenditures. On the other hand. 
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industrial processes are especially sensitive to the cost of raw materials, 
since the books must show a profit from the sale of products. The re¬ 
search chemists may often use a more expensive chemical to save time or 
equipment, but his budget is not unlimited either. 

Time is of value to both the industrialist and the researcher. However, 
the industrialist can increase output simply by increasing the scale of 
operations, which makes practical many cyclic processes based on partial 
conversions. The researcher, on the other hand, must depend on a batch 
process in limited equipment, hence on reactions of high yield whose 
products are readily separable from the by-products. In general, the more 
steps in a synthesis, the longer is the time consumed and the lower the 
yield. However, a specific case may dictate a longer route due to lower 
yields of individual reactions in a shorter pathway to a given product. 
In problem solving, we look for methods specially fitted for the conver¬ 
sions desired, so as to minimize the number of steps. 

Industrially, by-products from a synthesis can be an asset, if they are 
useful and readily and cheaply recovered, or a liability, if they become a 
waste to be disposed. By-products produced through side reactions (re¬ 
actions competing with those used to make the desired product) are in¬ 
evitably a liability since their production decreases the yield of the more 
desirable product. This is particularly true in the laboratory, where only 
the desired product has any value. 

B. Reaction Fitting 

It should be apparent that no gaps can occur in a sequence of reactions 
in a synthesis. Available to each step in the synthesis are only those 
products made by preceding reactions in the sequence. Usually the ready 
availability of inorganic reagents is assumed, simply because the problem 
is an exercise in organic chemistry, not inorganic chemistry. However, if a 
product is truly made from a given starting material, there must be a 
continuous link of processes and intermediates from the raw material to 
the product. A reaction or sequence of reactions must be chosen exactly 
to fit the starting material to the product thus: 

CH 3 CH=CH 2 ——- CH 3 CHCH 3 

OH 

H,SOj 

(53) CH 3 CH = CH 2 + HjO-CH 3 CHCH 3 

OH 

(reagents) (process) (product) 


Other processes might be considered. 
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absence of 


(54) CH 3 CH=CH 2 + HBr — 


CH 3 CHCH 3 


(reagents) 


(process 1) (intermediate) 


(55) CH 3 CHCH 3 + OH' H? ° ^ CH 3 CHCH 3 + Br 
Br OH 

(process 2 ) (product) 

The yield by the one-step method is better than that by the two-step 
method. Furthermore, the sulfuric acid (only a catalyst, hence reusable) 
is much cheaper than the expendable hydrogen brom.de and sodium 
hydroxide. But the types of reactions in the two-step process should not 
be cast aside as worthless; instances occur which can be solved bes . 

just such a process: 


CH 3 CH=CH 2 


h 2 so 


CH 3 CH 2 CH 2 OH 

CHjCH 2 CH 2 OH? 


(56) CH 3 CH=CH 2 + H 2 0 -cn 3 cn 2 '-n 2 vn 

But no. this reaction is by present knowledge impossible l M * rkovn, J‘°"'' s 
rule, §14-2B), so it may not be proposed. In this case, only the lo g 

way is acceptable. 

,57, CH 3 CH=CH 2 + HBr 


(58) CH 3 CH 2 CH 2 Br + OH 


CH 3 CH 2 CH 2 OH + Br 


C. Economy in Time and Space for Students Too 

By the time a student begins working on multistep syntheses he may 
appreciate a shorter way of representing reactions than the usual chem- 

ist’s shorthand, the equation. This abbreviated shorthand ,s the ou line 

form. The examples below, taken from eqs. (54), (55), (57), and (58), 
should make clear how the outline form is written. 


(59) CH 3 CH=CH 2 MBf ' n ° — CH 3 CHCH 3 


NoOH 

H,0 


CH 3 CHCH 3 


OH 


(60) CH 3 CH = CH 2 - CH 3 CH 2 CH 2 Br ' ^H 2 CM 2 UH 

An outline is no, an equation. There is no attempt to justify the law of 
conservation of mass by balancing. An outline, therefore, must not be 

used in a problem that requests an equation. 


CH 3 CH 2 CH 2 Br 


- N °°—CH 3 CH 2 CH 2 OH 

h 2 o 
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QUESTIONS AND PROBLEMS 


I. Define and illustrate the following terms. 


a. energy of activation 

b. contact catalyst 

c. complex-forming catalyst 

d. cross conjugation 

e. electrophile 

f. nucleophile 


g. reactive intermediate 

h. transition state 

i. AH 1 

j. AF l 

k. steric acceleration 

l. steric hindrance 


2. Show how you would ascertain from the elements of which the following 
compounds are composed whether the compounds are mainly electrophilic or 
nucleophilic. 


a. COCl 2 d. CH 3 NH 2 

b. CHjSCH 3 c. PCI, 

c- C 2 H 4 f. NaOH 

3. How does raising the temperature of a reacting mixture increase the rate of 
the reaction. 1 ’ Why does raising the temperature of the mixture sometimes cause 
a dilferent reaction to occur than that which occurs at the lower temperature? 

4. Starling with acetylene as the only organic raw material, outline the prepa¬ 
ration from it and its products of as many organic compounds as you can in 
fifteen minutes. Indicate necessary reagents and special conditions. No alkanes 
are to be used as synthetic intermediates. Why? Alkanes may, of course, be 
products. 

3. Differentiate between a transition state and a reactive intermediate on the 

basis of 


a. position on the reaction coordi¬ 
nate 

b. duration of existence 


c. influence on the rate of reaction 

d. ease of detection 
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6. Is it proper to say that absolutely free rotation exists about a single bond 
in an alkane? Why? 

7. Write equations to show reactions b> which the configurations of the 
2-butenes can be established, using the butenedioic acids as reference compounds. 

8. Referring to the table of bond dissociation energies (Table 11-1), predict the 
relative ease of halogenation at the various positions of the following compounds 
by a reaction that requires dissociation of a carbon-hydrogen bond by a halogen 
atom. 

a. isopentane b. ethylbenzene 

9. Considering the bond energies of the HC1 and HBr molecules (Table 11-2), 
predict the relative selectivities of a Cl atom and a Br atom attack as in Problem 9. 




Nucleophilic 
Displacements on 
Saturated Carbon 
Atoms 


12-1 REPLACEMENTS OF HALIDES, SULFATES, AND 
SULFONATES 

A. General Nature of These Reactions 

This chapter deals with one of the most common general types of 
organic reactions, in which one atom or group bonded to a saturated 
carbon atom is displaced along with its bonding electron pair by another 
group which donates an electron pair. Since the electron-pair-donor 
reagent is termed a nucleophile (§11-5), the reaction is termed a nucleo¬ 
philic displacement reaction. The general equation for this reaction is 
given in eq. (1), where n and m represent the charges of Y: and RX, 
respectively. Some examples of different charge type are given in eqs. (2) 
through (7); others are possible. 

(1) Y: n + R:X m — R:Y n+1 + X m '' 

(2) Y:- + R: X — RY + X' 

(3) ch 3 ct + c 4 h 9 i -* c 4 h 9 och 3 + r 

(4) Y: + R: X -* R:Y* + X* 

(5) (CH 3 ) 3 N: + CH 3 OS0 2 OCH 3 — (CH 3 ) 3 N + CH 3 + '0S0 2 0CH 3 

(6) Y:" + RX * — RY + :x 

(7) HO + (CH 3 ) 3 S+ — CH 3 OH + (CH 3 ) 2 S 

(1) Nucleophilic Agents. Any substance which has unshared electron 
pairs (or potential unshared electron pairs) is capable of acting as a 
nucleophile. This is the same definition used for Br^nsted or for Lewis 
bases. Now, however, we are concerned with reactions of nucleophiles 
other than acid-base reactions. Among the important nucleophilic agents 
are the ions: OH', OR , OAr, SH\ SR\ SAr‘, S 2 ', RC0 2 “, 


260 


REPLACEMENTS OF HALIDES, SULFATES. AND SULFONATES 261 


C=N", RC=C", HC=C‘, C=C 2 ‘, 0 = C —N , S —C N , 
0—N—O", RjC‘, R 2 N-,C1-, Br", and I". These are often used as the 

sodium or potassium salts, but some are also used as silver or ot er sa ts. 

Uncharged molecules may also act as nucleophiles; among the common 
ones are ammonia and amines, NH 3 , RNH 2 , R 2 NH, 3 , t loe ers, 
R 2 S; water, H 2 0; alcohols, ROH; and acids, RC0 2 H. ...... 

(2) Nature of the Displaced Group. Just as there are many poss.b.l.ues 

for the nucleophile Y:, there are a great many groups, called le * v ‘ n * 

groups , that are displaceable and can be the • X in the s P^. cies ' 

the uncharged RX molecules most generally used are RC1, ^ . 

R0S0 2 0R, and R0S0 2 Ar, while charged RX* species include ROH 2 , 

ROR, RCOOR', RSR 2 and RNR;. This reaction type thus includes 

1 1 


certain reactions of alkyl halides, sulfates, sulfonates, alcohols 
esters, sulfonium compounds, and ammonium compoun s, a 
A list of leaving groups in approximate order of ease of removal ts given 

in U may' be noted that several leaving groups are more readtly displaced 

than halide atoms; those capable of reacting in asic me 1 

fonates and sulfates. The ease with which halide ions leave 1 m the order 

I- > Br- > Cl". Fluorides are generally quite inert. The y y 8 

is an even poorer leaving group than fluoride; only in aci 

—OH is converted to —OH 2 , an excellent leaving group, do hydroxy 
displacements occur. 

TABLE 12-1. Leoving Groups ____ 

Groups which usually leave readily in saturated nucleophilic displa ^ 


© © 

> RO— .HO 

R OH 


© © 

RS— > RC—O — 


H 


H 


? ? 

> ArS-O-.ROS-O- 

A i 


Cl — 


Poorer leaving groups which require forcing conditions in saturated systems: 

> ©0,S- > F- > ArC-O- 


RjN —, R 2 NH—etc. 


O 


Very poor leaving groups, involved only in certain special types of unsa'ura'ed 
nucleophilic displacements (not considered in this section). 

Rs-.hs- > ro—, ho— > r 2 n-.rnh-.h 2 n 


N=C- 
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B. Mechanisms of Nucleophilic Displacement Reactions 

There appear to be two general pathways for nucleophilic displace¬ 
ments. Experimental evidence is available to suggest that each mechanism 
operates under certain sets of conditions, that occasionally both mechan¬ 
isms may operate at once, or that in some borderline cases the mechanism 
may be also borderline between the two extremes. 

(1) Direct Displacement Process. One of these mechanisms is called the 
direct-displacement process, symbolized S N 2, and is a one-stage process in 
which Y: attacks the carbon atom in R:X as :X leaves (eq. (8) and Fig. 
12-1). The symbolism means substitution, S; nucleophilic, N; bimolecu- 


Free Energy 
Content of 
System 



Reoction Coordinate 

Fig. 12-1. Free Energy Diagram for a Direct Displacement Reaction. rr-Propyl 
Bromide (R X) and Hydroxide (nucleophile Y-). 

lar, 2 (since two molecules change covalences in the rate-determining 
step). This mechanism is favored by relatively open access to the back of 

(8) Y: + R-X —-•) Y . . . R . . . xj-► Y—R + .'X 

(reactants) (transition state) (products) 

the carbon atom undergoing displacement. This carbon atom undergoes 
inversion of configuration, called Walden inversion (§31-9C). The reagent 
Y. attacks the back face of the tetrahedron opposite to the corner at 
which the X group is attached, whereupon the other groups on the carbon 
atom move into and then cross the plane containing the carbon atom and 
perpendicular to the Y • • • C • • • X axis (Fig. 12-2) like an umbrella 
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-• ^ 

h:o: + *c— Br 

/ 

^ch 2 
h 3 c 


h:o: 



h ch 3 


h 3 c 


/ 


ch 2 


0 


« h .ch 3 


.o-c 


H 


f 

\ 


.P 

:b r: 


ch 2 

ch 3 


Fig. 12-2. Inversion of Configuration in Dtrect Disp'acemen, b> Hydroxnie Ion 
of Bromide in 2‘-Butyl Bromtde. One represent,on of MO of tran«ti 0 n f state. 

in which the p orbital of functional carbon lS invo ^ e , ( . j inversion of 
bromide and hydroxide. Note backside attack o > ro 
hydrogen atoms and ethyl group on propyl chain. 

turning inside out in a high wind. Walden inversion can be ob 
experimentally in cases where there are four different groups e 

tional carbon atom. . , u ue 

As there are no intermediates in this reaction t e 
(§U-3C) contains Y and RX, and the reaction is hrs order in RX nd 

first order in Y, total order two. The rate expression ,s ^ 

One should note that the key to reactivity in 1 IS of the R— X 

combination of the ability of Y: to attack RX an t c a n . 

bond to be cleaved heterolytically. 

(9) Rote = MRXllY) 

(2, Carbonium ten Process. The second of the two general Presses 
for nucleophilic displacement is a multistage process. . . 

(nucleophilic substitution, un, molecular) in wh.ch a carbon,um ,on « 

‘“In, ion. RjC*. contains a carbon atom which has on., J* 
electrons in its valence shell and which has a positi e , h 

C-R „ bonds utilize V atom.c orb,rais on carbon^-H 

maining orbital, which is empty, is a p orbital. 

zation is that a carbonium ion is pbnarjHg. 1 ; >• lwQ parts> a 

In its simplest form, the reaction may be 



Fig. 12-3. MO Cloud and MO Formula of a Carbonium 
Ion. The dotted orbital is empty. 
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(generally) rate-determining ionization (eq. 10) followed by rapid coordi¬ 
nation with nucleophile (eq. 11). When the first step is the slower, as its 
transition state contains only the RX reactant, the reaction is first order 
in RX and zero order in Y: _ —that is, the reaction rate is independent 
of the concentration of Y:~ (eq. 12). This is a principal test for dis¬ 
tinguishing the carbonium ion process from the direct displacement pro¬ 
cess. In addition, there is the important consequence that the nature and 
concentration of the nucleophile have no influence on the rate, so long as 
the reaction occurs by the S N 1 process. 

(10) R:x —— r + + x- 

(11) R + + :y~ —- ° 5t . r:y 

(12) Rate = *(RX) 

The solvent plays a very important role in such reactions. In the initial 
part of the reaction, ionization is facilitated through the solvation of the 
cation by at least one solvent molecule and of the anion by at least one 
other solvent molecule. The solvated ion pair (see next paragraph) which 
results is shown descriptively in Fig. 12-4C, with water shown as solvent. 
One molecule of water interacts at the negative end of its dipole with the 
carbonium ion and the other water molecule at its hydrogen atom with the 
anion. These stabilizing factors lower the energy of the ion pair and of 
the transition state leading to the ion pair. The importance of solvation 
is indicated by the data in Table 12-2. The solvent may react with the 
carbonium ion before the ion pair dissociates, or the ion pair may al¬ 
ternatively dissociate to symmetrically solvated ions (Figs. 12-4 and 12-5). 

Ionization of a covalent molecule in solution occurs by a process rather 
different from the dissolving of an already ionic salt lattice. If the mole¬ 
cule forms stable ions in solution (e.g., HC1 in water, (C 6 H 3 ),CCI in sulfur 
dioxide), several stages are involved. Each molecule is at first surrounded 


TABLE 12-2. Ionization and Solvation Energies for Alkyl Bromides in Water 



AH for 

AH for 

Net AH for 


R —Br -* Gaseous 

Gaseous R + + Br" -*• 

R—Br — Solvated 


Ions, R* + Br", 

Solvated Ions. 

Ions. R + + Br”, 

R 

kcal./mole* 

kcal./mole 

kcal./molc b 

Methyl 

221 

_ 


lit h vl 

* 

180 

-150 

30 

Isopropyl 

158 

-130 

28 

3 "-Butyl 

a 

138 

-115 

23 


*Data from mass spectra. 

Data from S N 1 hydrolysis rates (not available for methyl bromide) 



0 

Fig. 12-4. Steps in Ionization of a Covalent Molecule. (A) Polar molecule 
(A —B) surrounded by solvent molecules (cross-hatch). (B) Intimate, light, or 
internal ion pair together in same solvent cage, (C) Solvated or external ion pair, 
still in same solvent cage. (D) Dissociated or separate ions, solvated and separated 
by solvent (cross-hatch). 
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by solvent molecules (Fig. 12-4A) which form a wall called the solvent 
cage. With help from the solvent, ionization occurs to form an intimate 
ion pair or tight ion pair , in which the ions are still connected electro¬ 
statically and are in the same solvent cage (Fig. 12-4B). Next, solvent 
molecules move in to surround the ions to form a larger aggregate, called 
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Fig. 12-5. A Symmetrically Solvated Carbonium 
Ion. 


a solvent-separated ion pair, still inside a (now larger) solvent cage (Fig. 
12-4C). Finally, the solvated ions move into separate portions of the 
solution to form dissociated ions (Fig. 12-4D). 

Many organic ionization processes go only part way in this scheme of 
carbonium ions. Thus, a reaction utilizing the S N 1 mechanism may go 
only to the tight ion pair, after which, if not at once attacked by a nucleo¬ 
phile, the ion pair collapses back to a covalent molecule. In other cases, 
however, the carbonium ion intermediate which ultimately reacts with the 
nucleophile is the solvated ion pair or completely dissociated ion. 

Any reaction which occurs at the tight-ion-pair stage gives inversion of 
configuration (eq. 13), as the solvent which forms the covalent bond to the 

(13) 




—► 



X“- HOH 


cationic carbon atom is present at the back of the carbon atom opposite 
to the original C—X bond. If the covalent bond with*solvent or with 
other nucleophiles forms after the planar cation is symmetrically solvated 
(Fig. I2-4D). reaction is equally likely from either the back (inversion) or 
front (retention of configuration) and the resulting product has mixed 
configurations when four different groups are present (§31-3). Some 
carbonium-ion reactions give much inversion, but generally such reactions 
are attended with considerable racemization (mixing of configurations). 

Carbonium ion reactions typically are often accompanied by molecular 
rearrangements, some examples of which are given in §12-2 below, and 
also by olefin formation. 

(3) The Role of Metal Ions in Nucleophilic Displacements. The silver ion, 
unlike the sodium ion, is an effective electrophile toward halogen (al¬ 
though not toward sulfates or sulfonates). This means that silver ion is an 
effective catalyst for carbonium ion processes (eq. 14) of alkyl halides, so 

(14) R —X + Ag* — R * + AgX 


(X = halogen only) 
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that the reaction of, for example, silver nitrate with many halides is much 
faster than that of sodium nitrate. In ethanol, the products are the alkyl 
nitrate and the alkyl ethyl ether (eqs. 15 and 16). 


(15) 

R + + ON0 2 ‘ 

— RONOj 



H 

(16) 

R + + C 2 H 5 OH 

— ROC 2 H 5 — ROC 2 H 5 + H* 
© 


This difference in behavior of the silver ion can result in important dif¬ 
ferences in products when the silver salts are used instead of alkali metal 
salts. For example, treatment of a halide with sodium cyanide gives 
mainly a nitrile. Use of silver cyanide, however, may result largely in the 
formation of an isonitrile (carbylamine). Sodium cyanide operates only 
by the nucleophilic push of the cyanide ion on the functional carbon to 
displace the halide atom, thus favors the direct displacement mechanism. 
The attacked carbon atom in the halide is thus only mildly electrophilic 
and most successfully forms a bond at the carbon atom ol the cyanide ion 
that atom with the stronger tendency to be covalent (greater nucleo- 
philicity) (eq. 17). In the silver salt, however, the electrophilic silver ion 
exerts a pull on the halogen atom. The carbonium ion character of the 

07 ) 

© 

R—X: + :c~n: 

• • ****** 

G © © 

(:C=N: — :C=N:. or :C=N) 


—I :N=C 


X: 


R —C = N: 


x: 


process is thus increased to make more probable bond formation at the 
more electronegative nitrogen atom (eq. 18) since the positive carbonium 
ion is strongly attracted by negative charge , not nucleophilicily. 



4 0 

R—x: + Ag : C = N ; 


0 ® © © 

^ :C = N — R + Ag : X • (*) 


0 

:C = N: 




A similar effect is responsible for the higher yields of nitrile esters ob¬ 
tained from silver nitrile than from alkali nitrites. 1 he negative charge on 
the oxygen atom of the nitrite ion makes this the position more attractive 
to a complex of considerable carbonium ion character, whereas the nitro¬ 
gen atom, more prone to covalence, forms the more stable bond when the 
silver ion is not present to exert a pull on the halogen atom. 
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(19) 



R—6—N=6: + Ag:x:(s) 

(A) Influence of Hydrocarbon Groups on Mechanism of Replacement. Dona¬ 
tion of electrons by alkyl groups attached to the functional carbon atom 
stabilizes a positive charge on that carbon atom, thus facilitates ioniza¬ 
tion in the order methyl < ethyl < isopropyl < 5°-butyl. In the same 
order, the increasing number of alkyl groups on the functional carbon 
atom decreases that atom's availability from the rear, hence decreases the 
ease of formation of a transition state for direct displacement. (See Fig. 
12-6.) Consequently, a methyl halide, with little tendency to ionize, and 
with only small hydrogen atoms on the carbon atom, reacts well by the 
direct displacement mechanism, but very slowly by the carbonium ion 
mechanism. Conversely, i # -butyl halides, with relatively strong tendency 


Logarithm of 
Relative 
Reaction Rate 
Constants 


CH 3 I CH 3 CH 2 I (CH 3 ) z CHI (CH 3 ) 3 CI 

Fig. 12 - 6 . Relative Rates of Hydrolysis of Alkyl Halides 
by Different Mechanisms. 
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to ionize, but with the access to the functional carbon atom largel> 
blocked, react rapidly by the carbonium ion mechanism, but very slowly 
via a direct displacement. Simple primary, secondary, and tertiary halides 
show increasing tendency to react by the carbonium ion mechanism and 
decreasing tendency to react by direct displacement. 

Since steric requirements of the transition state in direct displacement 
are higher, while those of the transition state in the carbonium ion process 
are lower than those of the original halide, bulky alkyl groups favor the 

latter mechanism (see §12-1 B( 1) and §12-1 B(2) above). 

There appear to be two methods of electron release from saturated alkyl 

groups to stabilize cationic centers. The first, and generally accepted one, 
is that of inductive release (see §10-2A) in which the positive charge on the 
carbonium ion induces a charge transfer in the R—C bonds, which are 
more polarizable (because of greater size and number of electrons) than 
H—C and thus can better stabilize a positive charge (Fig. 12-7). Another 
hypothesis is that the sigma electrons of a C—H bond (and to a lesser 
extent a C—R bond) can be delocalized into the empty p orbital of the 
carbonium ion (Fig. 12-8). This mode of electron release is called hyper- 
conjugation or no-bond resonance and like all electron deloca ization is 
stabilizing. Its existence is still unproved, but there is some evidence 

which may require such an explanation. f 

Those groups which are electron withdrawing lower the stability ol car¬ 
bonium ions and retard the carbonium ion process. The same groups 



Fig. 12-7. Stabilization of Positive Charge in a Carbonium Ion by 
the Inductive Effect, (A) Carbonium ion. capable of delocalization 
of charge into only three atoms-very unstable ion, (B) I nmctnyi- 
carbonium ion, in which induction of charge from adjacent carbon 
atoms is aided by second stage induction from hydrogen atoms 
relatively more stable. Charge delocalized into twelve a oms. 
Center carbon atom in each case is formally positive. 
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Fig. 12-8. MO Formula and MO Cloud Representing Hyper¬ 
conjugation. While only one C—H bond participates, the 
probability of a favorable conformation is greater the larger 
the number of a-hydrogen atoms. 


sometimes facilitate nucleophilic attack, thus often increase the rate of the 
direct displacement process. Thus, a-chloroketones and vicinal dichlo¬ 
rides do not react rapidly with silver ion (eqs. 21 and 22), a carbonium ion 
process, but react with some facility with potassium iodide in acetone 
(eqs. 23 and 24). 

O o 

(21) RCCH 2 CI + Ag + —fr* 1 ™ » RCCH 2 + + AgCI 

(22) CICH 2 CH 2 CI + Ag + 

O 

(23) RCCH 2 CI + No + T 


very slow 6-6 + 

- 1 -► CICH 2 CH 2 + + AgCI(s) 

O 

acetone 

RCCH!l + NaCI(s) 


(24) CH 3 CHBrCHBrCH 3 +3 1'-► CH 3 CH=CHCH 3 + l 3 ~ + 2 Br' 

It may be noted that v/r-dibromidcs and dichiorides generally give olefins 
and free iodine. Ethanolic silver nitrate is often used as a diagnostic 
reagent to measure reactivity of alkyl halides by the carbonium ion pro¬ 
cess. Sodium iodide in acetone is used to measure reactivity in direct 
displacement processes. As precipitates arc formed (sodium chloride and 
bromide are insoluble in acetone), one can measure the relative rates of 
reaction by the length of time it takes them to appear. 

The reactions in eqs. (21) and (22) would be slow as the transition states 
leading to the carbonium ion intermediates require a positive charge to be 
developed on a carbon atom next to another carbon atom which already 

has a large fraction of a positive charge (positive end of a C=0 or a 
dipole). Thus, strong electrostatic destabilization is involved. The 
opposite effect is noted in the transition state for the direct displacement 
process, where in effect an electron pair is added to the system around the 
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functional carbon atom. However, too much pos.tive character around 
the functional carbon atom may also hinder the leaving group from mov¬ 
ing away from carbon to form the transition state. Which effect prevails 
depends to some extent on the relative stabilities of the attacking nucleo¬ 
phile and the leaving group. 

Unsaturation affects halides, sulfonates, and sulfates in various ways, 
depending on the position of the multiple bond relative to the leaving 
group. If a halogen atom is attached at the double bond (vinyl halides) 
or directly to an aromatic ring (chloroarenes), it fails to react readily by 
either the S N 1 or the S N 2 mechanism. When the halide atom or oxygen 
atom of a leaving group is attached directly to an unsaturated carbon 
atom, the unshared electron pairs on halogen or oxygen conjugate with 
the unsaturated system (I and II). Thus, resonance effects strengthen the 
carbon-halogen bond. Those reactions which can occur are discussed in a 

later chapter (§21-8). 


s.- T* 

/ c -\ 


6 * 


■Or 


II 


On the other hand, when the unsaturation or the aromatic ring is re- 
moved by one carbon atom from the leaving group, as tor examp e in a > 
and benzyl systems, the compound is very reactive, m particular by the 


CHj = CHCH ? CI 



ch 2 ci 


benzyl chloride 


ally! chloride 

carbonium ion process. Here again the facts are rationalized by resonance 
stabilization of the carbonium ion and of the transition state leading to it 
(eq. (25) and Fig. 12-9). The allyl cation has two identical canonical 

-TT " 




;c*£ h 



energy levels 


Fig. 12-9. MO Cloud and MO Formula Representing the tt Orbital of the Allyl 
Cation. A two-electron system, hence only one orbital is occupied. 
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Fig. 12-10. MO Cloud and MO Formula for the Lowest Energy 
7r Orbital in the Benzyl Cation (Phenylcarbonium Ion). Ring hydro¬ 
gen atoms are omitted. A six-electron system; hence, two more molec¬ 
ular orbitals are required for the *- electrons, as in benzene (Fig. 
5-18). 


forms and is highly resonance stabilized. A similar situation obtains with 
benzyl cation (see below and Fig. 12-10) where electron delocalization 
distributes the positive charge over the ortho and para carbon atoms, 
hence also gives stabilization. The stabilizing effect of phenyl substitu¬ 
tion on the carbonium ion increases with benzhydryl ion (diphenyl- 
carbonium ion) to triphenylcarbonium ion (Fig. 12-11) (where three 
benzene rings are available for electron delocalization) in ways equivalent 
to that discussed for the benzyl cation. Resonance stabilization is so 
effective that triphenylmethyl chloride ionizes to the cation and chloride 
ion in liquid sulfur dioxide or cresol solutions in amounts sufficient to 
conduct electricity. 

(25) 

CH 2 =CHCHjCI — ch 2 =ch—ch 2 ® — ch 2 —ch=ch 2 


ollyl cation 



benzhydryl triphenylcarbonium triphenylmethyl 0-phenylethyl 

CQ ti° n ion chloride halides 
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Fig. 12-11. MO Cloud and MO Formula for ihe Lowest Energy n Orbital for 
Triphenylcarbonium Ion. Twisting of rings slightly out of the plane of the mole¬ 
cule avoids interference between ortho hydrogen atoms. Tvs isting is not enough to 
cause loss of much resonance energy. (The MO system for the tripheny Imethy 
free radical is similar, but involves one more electron.) 


These effects of unsaturation are possible only with those carbonium 
ions on which the allyl or aryl substituent is directly conjugated to the 
carbonium carbon atom; therefore, such effects arc not found when the 
unsaturated group is insulated from the cationic center by one or more 
additional atoms. /3-Phenylethyl halides, tor example, have no excep¬ 
tional reactivity in nucleophilic displacements. 

(5) Allylic Rearrangements. It may be expected that a direct displace¬ 
ment on a substituted allylic compound such as irons -crotyl (trans-y- 
methylallyl) chloride by a nucleophile, for example, methoxide ion. should 
lead to a normal displacement product, for example, methyl crotyl ether. 
Similarly, a-methylallyl chloride is expected to give methyl a-methylallyl 
ether. This is usually the case when the functional carbon atom is rela¬ 
tively unhindered, as it is in these examples. 


H 

l 

H 

| 

1 

ch 3 c h 

V C^CI 

\ 

H H 

CH 3 C H 

'v // \ / 

C C —OCH, 

J V H 

Iram-cr otyl chloride 

methyl crotyl ether 

• 

H 

H 

| 

H C H 

V V-C. 

H CH, 

H C H 

c-och 3 

I \ 

H CH, 

a-methylollyl chloride 

methyl a-methylallyl ethe 
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On the other hand, reaction of a substituted allylic compound, such as 
crotyl chloride or a-methylallyl chloride, by the carbonium ion process 
goes through the intermediate. III, which is common to reactions of both 
isomers. 



H 


CH 3 C 

\S\/ 

c c 

I l x 

H H 


H 



H 


X c 

\ /^ / 

x c 

CH 7 | | 

H H 


H 



X 0 

H 

ch < A / 

c c 

H ® H 

intimate ion pair 


♦ 


H 


v 


H 


I 

H 


© 


C 

I 

H 


+ X 


CHj—CH=CH—CHj—Y 

and 

ch 3 —ch—ch=ch 2 


Since the intermediate III no longer contains the group X and is the 
same regardless of the starting isomer, the same ratio of products is ob¬ 
tained from either isomer, where X' is any leaving group that permits 
reaction by the S N I mechanism. The transition state for the reaction with 
Y* does, however, contain the nucleophile (generally solvent); hence the 
product ratio varies somew hat depending on Y~. 

Before the carbonium ion separates from its counter-ion, X', the inti¬ 
mate ion pair preceding III may collapse back to a covalent species. This 
is called internal return. Since the anion has “forgotten" its original posi¬ 
tion, it may return to either end of the allylic system to give a mixture of 
isomers of the starting material. In fact, chemists often study the proper¬ 
ties of intimate ion pairs such as these by observing the rate of isomeriza¬ 
tion of the starting material. 

Such rearrangements are called allylic rearrangements. Rearrangements 
are reactions which change the carbon skeleton or the point of attach¬ 
ment of a functional group or both. 

In a few cases, bimolecular attack on allylic systems leads to rearrange¬ 
ments. These tend to occur when the nucleophile is large and when the 
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a-carbon atom is highly substituted. Such a reaction, called an abnormal 
bimolecular displacement reaction (symbol S N 2'), is outlined in eq. (_7). 



(6) Competition between Direct Displacement and Carbonium Ion Processes 
in Reactions of Alkyl Halides. The carbonium ion process is olten a sell- 
defeating one, as carbonium ions are generally not very selective in then- 
reactions and tend to react with the solvent rather than with the desired 
nucleophile. This has no consequences except for configuration when the 
solvent is the conjugate acid of the nucleophile, for example, an alcohol 
with an alkoxide or a carboxylic acid with its salt, as the products are 
identical (see §12-1 B(3)). It is, however, important in other cases hor 
example, treatment of an alkyl halide with sodium phenoxide in ethano 
might give largely ethyl alkyl ether rather than the desired phenyl alkyl 

ether. 

It is possible, in many cases, to control the mechanism of the reaction 
by suitable modification of reaction conditions. Note (eq. 9) that t c ,a ^ e 
of the direct displacement process depends upon the concentration ol the 
nucleophile, whereas the rate of the carbonium ion process is independent 
of this. Increasing [Y] therefore favors the direct displacement (but mav 
also favor side reactions in which Y participates); decreasing |Y| lavors 


the carbonium ion process. . 

Solvent also plays an important role. The transition stale lor the ton,- 
zation of an alkyl halide is a highly polar species, almost at the ion-pair 
stage, and is much more polar than the reactant alkyl halide On the 
other hand, the reaction of an anion with a neutral molecule leads to a 
slight loss in polarity. Therefore, polar protic solvents like water, tormie 
acid, and ethanol, which can partly neutralize charges and can stabilize 
anions by hydrogen bonding, favor carbonium ion processes (§I2-IB(2>), 
whereas relatively nonpolar solvents, such as benzene, and dipolar aprolic 
solvents, such as acetone and dimethylformamide, favor dnect isp ace 


ment reactions. 

In many cases the nucleophile is simply not nucleophilic cnoug to 
react with an alkyl halide, but can react with a carbonium ion. Under 
such circumstances, the formation of the carbonium ion may be cata yze 
by Lewis acids such as silver ion, zinc chloride, or aluminum chloride. 


C. Typical Reactions of Alkyl Halides, Sulfates, and Sulfonates 

We will now mention some specific nucleophilic displacements in whurh 
the common alkylating agents—alkyl halides R Cl, R Br, and R 
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O 

t 

alkyl sulfonates ROS—R, and sulfates (methyl sulfate, CH 3 0S0 2 0CH 3 , 

♦ 

O 


is most common)-are used. In all of these cases, there is initially a fairly 
large dipole, R-*~X, so that attack by the electron-rich nucleophile at the 
carbon atom in the direct displacement process, or else ionization to R + 
and X , is facilitated. In addition, the anions Cl', Br‘, I", -0S0 2 R, and 
OSO : OCH 3 are all relatively stable species. 

One of the most thoroughly studied of the replacement reactions of 
halides is their conversion to hydroxy compounds. However, except for a 
fe\s special cases, this reaction is of little importance in industry, since 
most hydroxy compounds are more economically produced from other 
sources. Commercial availability of many alcohols has made the reac¬ 
tion ol minimum utility for laboratory syntheses as well. However, a few 
syntheses are important enough to be cited. 


Hase ol hydrolysis of a benzyl halide is illustrated by the preparation 
ol /i-cyanobenzyl alcohol by treatment of /7-cyanobenzyI chloride with 
potassium carbonate solution. In this reaction, a halogen atom is more 
easily replaced than the cyano group is hydrolyzed. 




+ 


h 2 o + 




+ hco 3 - 


(85% yield) 


An industrial application of the reactivity of benzylic halides is the 
preparation of benzaldehyde from benzylidene chloride (eq. 29), obtained 
by dichlorination of toluene. 



C ertain halides form olefins to such a large extent in the presence of 
strong alkalies that their hydrolyses require special tricks, often involving 
mechanistic changes. One procedure utilizes a earbonium ion process 
vsith product acid neutralized by a mild or insoluble base, such as silver 
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oxide, lead oxide, sodium bicarbonate, or calcium carbonate. Another 
approach is to form acetates by direct displacement with sodium acetate 
and then hydrolyze the ester with acid. This procedure is especially suit¬ 
able when the product, such as an aldehyde, ketone, or hydroxy acid, is 
sensitive to alkali, or when other side reactions occur with strong bases 

(see Table 13-1). 

(30) CH 3 CHBrCH 3 + §COCH 3 — CH 3 CHCH 3 + Br 

OCOCHj 

(31) CH 3 CHCH 3 + OH' — CH 3 CHCH 3 + CH 3 C0 2 

OCOCH 3 OH 

Vicinal dihalides tend to produce epoxides (eq. 32) when hydrolyzed by 
bases even as strong as sodium carbonate, because of the sensitivity of the 
intermediate halohydrins to dehydrohalogenation. Weak or insoluble 
bases, such as those mentioned above, are therefore used to effect hydroly- 

sis of vicinal halides. 


< 32 > x 

I 

RCH—CHR' + OH' 
OH 

a holohydrin 


r x 

i 


X 

RCH —CHR' 

+ HjO — 

RCH—CHR' 

o— 

O 

1 


o 


RCH —CHR' + 

V' 



on epoxide 


Preparation of unsymmeirical ethers by the sulfuric acid method 
(§12-2 IT.) is generally impractical, since too many by-products are ob¬ 
tained. The Williamson synthesis is therefore widely used for the prepara¬ 
tion of these ethers. The ether can usually be made by either combina¬ 
tion of reagents (eqs. 33 and 34). However, when one of the halides is 


(33) 

ch 3 o _ + 

CHjCHyCHjCHj — Br — CH 3 CK 3 CH ? CH 3 OCH 3 

(34, 

CH 3 —1 + 

CHjCHjCHjCHjO' — CH 3 CH 3 CH 3 CH 3 OCH 3 


CH 3 

ch 3 

1 

(35) 

ch 3 — c— o 

+ CH 3 CH 2 — X — CH, —C—O—CH 2 CH 3 


1 

ch 3 

ch 3 


sensitive, its use as one of the reagents is avoided (eq. 35). For tertiary 
alkyl ethers, however, the Williamson method gives such poor yields that 

other methods are more suitable. 

The unreactivity of aryl halides and ease of preparation of phenox.des 
from phenols makes it necessary to prepare alkyl aryl ethers by use ol t le 
alkyl halide or sulfate and phenoxide. 
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Mercaptans, thioaldchydes, thioketones, and sulfides can be prepared 
by reactions very similar to those used to prepare the corresponding 
oxygen compounds from halides. A mercaptan is prepared by treating a 
halide or sulfate with an alkali bisulfide in alcohol with excess hydrogen 
sulfide. Good yields of normal and secondary alkyl mercaptans (eq. (36), 
R = CH 3 through QH,,) have been obtained. 


(36) R—Br + HS" 


CjHjOH 

H 2 S 


R—SH + Br" 

(49-74% yields) 


Sulfides are readily prepared by the Williamson method. Symmetrical 
sulfides are also prepared directly by the action of sodium sulfide on a 
halide or sulfate. 

The Hofmann synthesis of amines is a very useful reaction of halides. 
Typical examples follow. 


(37) CH 3 CH 2 CH 2 CH 2 Br + 2 NH 3 — CH 3 CH 2 CH 2 CH 2 NH 2 + NH/Br” 

(47% yield) 



CHjCHCOjH + 2 NH 3 

Br 


CH 3 CHC0 2 " + NH 4 + Br" 
+ NH 3 


(70% yield) 

When ring formation is easy, cyclic amines or ammonium compounds 
are formed. 


(39) 2Br—CH 2 CH 2 CH 2 CH 2 CH 2 —Br + 4 NH 3 — 


3(NH 4 + Br ~) + 


/CH 2 ch 2 . ch 2 —ch 2x 

CH 2 N® 'cHj + Br" 

X CH 2 —Ch/ \h 7 —CHj 


Because polyalkylation invariably results in the formation of mixtures 
during the Hofmann synthesis of amines, means of preparing primary 
amines by more selective reactions have been sought. One of the more 
successful of these is the Gabriel synthesis as recently modified, using 
dimethylformamide as the solvent. Phthalimide with potassium carbon¬ 
ate, or potassium phthalimide, is heated with an alkyl halide in the solvent 
to give good yields of iV-alkylphthalimides in relatively short time. These 
arc then readily hydrolyzed to the primary amines (cq. 41). The overall 
yield of /i-butylamine in eqs. (40) and (41) is 67%. 

Many other examples of substitution reactions are given in the prob¬ 
lems following §12-1D and through the text. 
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O 



n-butyl phtholk odd 

amir* 


(or* of tf*M at it* salt) 


odd or 

bo* 


D. Side Reactions 

The most common and most general side reaction of halides and sul¬ 
fates during replacement reactions is loss of elements of hydrogen halide 
or sulfuric acid with olefin formation. This elimination reaction is most 
prominent in the use of tertiary halides and sulfates, but may also occur 
extensively in reactions of primary and secondary compounds. 

This side reaction is often, but not always, related to the carbomum ion 
mechanism. Carbonium ions may stabilize themselves not only by coordi¬ 
nation with a nucleophile, but also by loss of a proton to give an olefin 
(eq. 42). Alternatively, the basic reagent may attack the alkyl halide at 
the beta hydrogen, resulting in removal of a hydrogen ion simultaneously 
with loss of the halide ion (eq. 43). (See $13-10). In many cases, olefin 
formation becomes the major reaction. 
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Another common side reaction involves multiatomic nucleophiles 
which have more than one nucleophilic center, called ambident ions. 
Mixed products result from attachment of the nucleophile to the alkyl 
group by different atoms. An example is the formation of nitrites as well 
as nitro compounds from sodium nitrite and halides discussed earlier 
(§12-1 B(3)). Another is formation of both thiol esters and thione esters 
by reaction of salts of thioacids with alkyl halides or sulfates. 



R—X + 


R'C—S: 

II •• 

:o: 


R'C—S—R 


: 0 : 

R'C=S: 


:0—R 


+ X© 
X© 


Alkylation of alternative positions cannot always be avoided. How¬ 
ever, the desired product can be favored by proper choice of the alkali 

metal salt or the silver salt as reagent and to some extent by choice of 
solvent system. 


A third kind of side reaction is polyalkylation. This can occur when¬ 
ever the initial product of a replacement reacts with the reagent base to 


(45) 

through (50). 



(45) 

RX + 

SH" -* R- 

-SH + 

X" 

(46) 

R—SH 

+ SH“ ^ 

R—S - 

+ h 2 s 

(47) 

R—S" 

+ RX — 

R—S—R 

+ X’ 

(48) 

RX + 

NH 3 — R- 

-nh 3 + x~ 


(49) 

R—NH 3 ^ 

" + NH 3 • 

— R—NH 2 + NH 4 * 

(50) 

R—nh 2 

+ RX — 

R—NH 2 - 

~R,X" (ere.) 


Polyalkylation can be minimized by using a large excess of the nucleo¬ 
philic reagent. In the case of the mercaptan synthesis, addition of hydro¬ 
gen sulfide to minimize the effect of the reaction represented in eq. (46) 
also helps. Similarly, in the preparation of alcohols from halides, the use 
of water as solvent decreases the relative importance of formation of 
alkoxides and consequent ether formation. 



- * 

t 

7 * 

vr 


) C^Glc^ment 
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QUESTIONS AND PROBLEMS 

1. Name and describe briefly, giving equations, two mechanisms by which 
polar organic compounds can undergo displacement. 

2. Show how the hydrocarbon group may favor one or the other of the mech¬ 
anisms in the reaction of alkyl halides. Give examples with structural formulas 
showing intramolecular forces for both. 

3. Write the structural formula for the appropriate halide or sulfate and the 
formulaof the nucleophile necessary to prepare each of the following in good yield. 


a. isopropyl alcohol g. 

b. n-butyl isocyanide h. 

c. rt-propyl mercaptan i. 

d. ethyl isocyanate j. 

e. butyronitrile k. 

f. ethyl 2*-butyl ether I. 


4. Write equations for the reactions 
pounds. Use structural formulas for 

conditions. 

a. /i-butyl iodide and excess 
ammonia 

b. isobutyl bromide and silver 
cyanide 

c. methyl sulfate, tertiary- butyl 
alcohol, and sodium hydroxide 

d. sec-butyl chloride and sodium 
cyanide 

e. ethyl sulfate and sodium valerate 

f. 1 -chloro-2-pentene and silver 
nitrate in 2-propanol 


diisopropyl sulfide 

/V-n-decylphlhalimide 

3 -nitropentanc 

ethyl phenyl sulfide 

telramethylammonium iodide 

phenctole 

that occur between the following corn- 
organic compounds. Indicate essential 

g. 2-chloro-2-methylbutane and 
6 /V sodium hydroxide 

h. methyl sulfate and sodium phen- 
oxide 

i. 2-chloroethanol and sodium 
iodide in acetone 

j. sodium chloroacelatc and 
sodium 2.4-dichlorophenoxide 
(what is the commercial name of 
this product?) 
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5. How do silver oxide, lead oxide, sodium bicarbonate, and calcium carbon¬ 
ate act to provide better yields of hydroxy compounds from certain halides? 

6. Show how the following compounds can be prepared in good yield from the 
suggested starting materials. Outline form may be used, but structural formulas 
for organic compounds and essential special conditions must be shown. 


a. 1-nitropentane from /7-amyl 
bromide 

b. ethyl butyl ether from /7-butyl 
bromide and ethanol 

c. phenylnitromethane from 
toluene 

d. methylisobutylamine from 
methyl iodide and isobutyl 
bromide 

e. cyclopentyl cyanide from cyclo¬ 
pentane 

f. ethylene glycol from ethylene 
chloride 


g. /er/-butylaminc from isobutane 

h. dicyanomethane from methane 

i. equatorial-\-\odo-trans- 
decalin from ax7a/-l-bromo- 
fra/w-decalin 

j. malonic acid from sodium 
chloroacetate 

k. methyl sulfate from carbon 
monoxide 

l. n-propylamine from ethyl 
bromide 

m. isoamylamine from isoamyl 
bromide and phthalic anhydride 


7. Show how the follow ing compounds can be prepared in good yield beginning 
with n-octyl bromide and inorganic reagents. Indicate essential conditions. Use 
structural formulas for organic compounds. 

a. /7-octyl /j-pelargonate d. di-/7-octylamine 

b. /7-octylamine e. //-octyl mercaptan 

c. /7-nonylamine 

8. Discuss side reactions which may be important in the hydrolysis of the 
following compounds. Tell why the side reaction may occur to a large extent. 
Show how this can be avoided. Explain why the method of avoiding the side 
reaction is effective. 

a. /erz-butvl bromide e. 3-bromobutanoic acid 

b. 1-chloro-2-propanol 

9. Define or illustrate the follow ing terms. 

a. direct displacement e. rearrangement 

b. allylic rearrangement f. S N I reaction 

c. carbonium ion g. S N 2 reaction 

d. internal return 


12-2 NUCLEOPHILIC REPLACEMENTS IN ALCOHOLS AND 
ETHERS 

The relative acid strengths of the hydrogen halides, of water, and of 
alcohols are a measure of the tendency of the H—Y bond to cleave 
ionically. By analogy one might guess that the carbon-oxygen bond in 
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alcohols or in ethers would be more difficult to cleave than the carbon- 
halogen bond in alkyl halides. Hydroxy and alkoxy groups are, in fact, 
very poor leaving groups (see Table 12-1) so that C O bonds in satu¬ 
rated and many unsaturated alcohols and ethers are stable in neutral or 
in basic solution. On the other hand, alkyloxonium ions (protonated 
alcohols) and dialkyloxonium ions (protonated ethers) are strong acids 
and might be expected as well to be good + alkylating agents (alkyl donors). 
This is the case, for H-O—H and R-O— H are excellent leaving groups 

I I 

(Table 12-1). For this reason, the reactions of alcohols and of ethers in¬ 
volving carbon-oxygen cleavage are conducted in the presence of acid 
catalysts. Under such conditions, strong bases (e g.. CN , SH ) exist 
only as their inactive conjugate acids. Hence, only the weaker bases ( 
Br", Cl', H 2 0, ROH, RCOH) can be utilized as nucleophiles in oxomum 

O 

ion displacements. 


A. Mechanisms of Reactions 

The oxonium salt initially formed by reaction of an alcohol or an ether 
with an acid exhibits reactions similar to those of alkyl halides. S r g 
electron withdrawal by the positive oxygen atom renders the adjoining 
carbon atom more susceptible both to nucleophilic attack in the direct 
displacement process and to carbonium ion formation. As with halides, 

either of the two mechanisms may operate. 


0 ) 

( 2 ) 


R:0:H + H + — R C>:H 

• • • • 

H 


Y: 


+ 


© 

R—OH 


3^=1 y:—R ••• ; OH 2 \ == ^' f R + 


OH 


Cl, Br, I, ONOj, OSOjOH, etc 


(3) R:OH, ~ |R + ) + :OH 2 

(4) (R + ) + PT — R—Y 


The influence of alkyl groups on the mechanisms is identical to that of 
the same groups in reactions of alkyl halides. Reactivities are para . 
Conjugate acids of alkyl and benzyl alcohols are highly reactive. eno s 


are inert (§12-1 B(4)). 

Ether formation and cleavage, two aspects of a reversible reaction, are 
essentially the same as the reactions represented in eqs. (1) 1 rou ® ' 
These reactions, ether formation and cleavage, formation of a y a i es 
and their hydrolysis, are reversible reactions. The position of l ic* equi i 
rium (extent of reaction in either direction) is subject to contro y t e 
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(5) 

R—6: 

1 

0 

+ R—OH 2 ^=j R—O-R 

-OH 

1 

H 

I+. ® 

F^R—o—R + .'O—H 

I 1 


H 


1 1 

H H 


© 




(6) 

R:OH 2 

— (R + ) + OH 2 



(7) 

[ R + ] + 

R:6:H R—O—R 




H 

law of mass action. Thus, for example, ether formation and halide forma¬ 
tion are favored by high concentrations of alcohol and of halide ion, 
respectively, and by a low concentration of water. The reactions are acid- 

catalyzed (eqs. 5-7) and are also subject to catalysis by alumina and by 
other Lewis acids. 


B. The Reagents 

The reaction rates are proportional to the concentration of protonated 
species; consequently, concentrated mineral acids are effective catalysts. 
Lewis acids such as boron trifluoride, hydrogen fluoride, and zinc chloride 
are often used as catalysts for reactions of alcohols and ethers. 

A mixture of concentrated hydrochloric acid and zinc chloride, called 
Lucas reagent , is a very effective reagent for the conversion of alcohols 
to alkyl chlorides. This reagent has a much higher acidity than concen¬ 
trated hydrochloric acid alone, presumably due to formation of a complex 
acid, H 2 ZnCl 4 . /-Butyl alcohol forms /-butyl chloride in a few seconds at 
room temperature with this reagent; sec-butyl alcohol gives the chloride in 
5-10 min., while /j-butyl alcohol requires heating to react. This order of 
reactivity, 3 >2 >1°, makes it obvious that the reaction involves the 
carbonium ion mechanism for high reactivity. The reagent is used in 




(CH 3 ) 3 COH 

+ HCI 

ZnCI 2 

(ch 3 ) 3 cci 

+ 

3°-bu»yl alcohol 

(cone.) 

3*-butyl chloride 


ch 3 ch ? choh 

+ HCI 

(layers form almost immediately) 

ZnCI 2 

ch 3 ch 2 chci 

1 

+ 

CH, 

2*-butyl alcohol 

(cone.) 

ch 3 

2*-botyl chloride 



(layers form In 5-10 min.) 



h 2 o 


qualitative organic analysis to distinguish primary, secondary, and tertiary 
aliphatic alcohols by their reactivities. 

Rates of reaction.of halogen acids with alcohols and ethers are in the 
order HI > HBr > HCI. Hydrogen fluoride is usually ineffective. This 
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order reflects the order of nuclcophilicity of the halide ions present in 
aqueous or alcoholic solutions of the acids. A mixture of sulfuric acid an 
sodium bromide often replaces commercial hydrobromic acid, or the re¬ 
agent may be prepared as in eq. (10). 


(10) Br 2 + SOj + 2 H 2 0 — 2 HBr + H 2 S0 4 

In either case, the sulfuric acid is a more effective protonating agent than 

hydrogen bromide. High yields of bromides are obtainable. 

Although aqueous sulfuric acid or /Moluenesulfomc acid may be used 
to cleave ethers (reverse of eqs. 7-9). the reactions are often accompanied 
by side reaction. For practical purposes, these ethers are usually cleave 
with hydrogen iodide or hydrogen bromide to give alkyl halides (e g., 
eqs. 11 and 12). Aryl alkyl ethers are cleaved only at the alkyl-oxygen 
bonds (eq. 13), while diaryl ethers are inert. These reactions are particu¬ 
larly useful for identification purposes (the structure of t e pro uct 
halides gives the structure of the ether, ROR), for quantitative analysis 
(Zeisel method for methoxy groups), or for regenerating a pheno w 
has been protected by an alkoxy group during some reaction at another st e 
(e.g., oxidation) which would have degraded it. Because ol the laek o 


(11) 

ROR 

+ 

2 HI — 

2RI + 

h 2 o 

(12) 

ROR' 

+ 

2 HBr — 

RBr 

+ R'Br + H 2 0 

(13) 

ArOR 

+ 

HBr — 

ArOH 

+ RBr 


reactivity of aryl systems toward displacement (§12-1 B(4)), diary et ers 
are not cleaved by acid-catalyzed procedures. Alkyl aryl ethers, on 
other hand, are cleaved readily, and as many methyl aryl ethers occur in 
a variety of natural products, these serve as sources tor t c re ate 

phenols. 




guoiacol 


+ HI 


(cone.) 



catechol 


ch 3 i 




HI 


(cone ) 


HO— \C C ' HO + 

p hydro*yb«nzold«Syd* 


Mixed ethers with tertiary and primary alkyl radicals are usually 
prepared by the dehydration method. Good yields result rom tne pre¬ 
ferred coordination of the trialkylcarbonium ions with the molecules o 
primary alcohols present in excess. The rate-determining steps o e 
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competitive reactions in eqs. (16), (18), and (19) are much slower than the 
rate-determining step in eq. (17). Hence the mixed ether is the preferred 
product. 

© s i- w 

(16) rch 2 oh 2 + rch 2 oh -► rch 2 och 2 r + h 3 o + 

(17) r 3 c + + rch 2 oh — ropid » RCH 2 OCR 3 

H 

(181 R jC * + R,COH RjC g C R 3 

H 

(19) RjCOH + RCH 2 OH 2 — ^ >>ow — R 3 COCH 2 R + H 3 0 + 

C. Typical Reactions 

Diethyl ether has been prepared since its discovery in 1540 by Valerius 
Cordus by distillation of the ether from a mixture of sulfuric acid and 
ethanol. The distillation method is not suitable for ethers higher than 
dipropyl or for mixed ethers except those containing one tertiary and one 
primary alkyl radicals. The higher ethers have boiling points above those 
of their related alcohols, hence do not distill from the equilibrium mixture. 
A/etropic distillation of the mixture with toluene or benzene to remove 
water has been used to adapt the method for these ethers. 

Dehydration of alcohols over activated alumina occurs at relatively 
high temperatures, often without many of the side reactions inherent in- 
the sulfuric acid method. 


(20) 2 CH 3 CH 2 OH 


H 2 S0 4 , 140-145* 
or Al 2 0 3 . 260* 


ch 3 ch 2 och 2 ch 3 + h 2 o 


At more moderate temperatures, alkyl acid sulfates and lesser amounts 
of alkyl sulfates form by reactions between alcohols and concentrated sul¬ 
furic acid. Methyl sulfate can be produced by distillation of the acid 
sulfate under reduced pressure, a process which is used industrially. 

(21) CH 3 OH + H 2 S0 4 - CH 3 0S0 3 H 4 h 2 o 

mofhonol (corx.) m.thyl acid sulfate 


(22) 2CHjOSQ 3 H 


distillation at 


reduced pressure 


CH 3 OS0 2 OCH 3 (g) + 

methyl sulfate 


h 2 so. 


D. Side Reactions and Carbonium Ion Rearrangements 

Probably the most general side reaction of compounds undergoing ox- 
onium replacements is olefin-forming elimination. Whereas the olefins 
formed by elimination of hydrogen halides from alkyl halides cannot 
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ordinarily add nucleophilic reagents under the neutral or basic conditions 
utilized for such displacement reactions, they can react with the acid 
reagents used in oxonium replacements. These addition reactions give 

rise to secondary side reaction products. 

Molecular rearrangement often accompanies carbomum ion reactions. 
Carbonium ion intermediates are unstable species (except when high y 
resonance stabilized), the driving force for all of their reactions being the 
tendency to complete the electron octet around the carbon atom u ic 
has only six electrons in its valence shell (1). This can be done in a variety 
of ways. First, as we have seen, the carbonium ion can coordinate w ith a 
nucleophile, Y:, which donates an electron pair to share with the unc- 
tional carbon atom. Another way to complete the octet is or one o t 
groups present on the functional carbon atom to lose a proton from its a 
carbon atom and to donate the remaining electron pair to the cationic 
center to give an olefin (eq. 23). Such olefin formation is very common in 

carbonium ion reactions. 

R 

RCR 

© 


i 

H © 

(23) R:c:C:R — R:C::C:R + H* 
R R R R 


A variant of this reaction often occurs when, rather than a proton, a 
relatively stable carbonium ion is lost. This releases t e ou e on 
forming electron pair to form an olefin. Such reactions are seen in ac * 
catalyzed cracking reactions. The driving force for the reaction in eq. 
is the formation of the more stable tertiary carbonium ion from the less 

stable secondary ion. 



CH 3 H 

I I © 

CHj—C-C —C—CH 3 

CH 3 H H 


ch 3 



CH 3 


ch 2 =chch 3 


(1) Wagner-Meerwein and Rinacol Rearrangements. A third way in which 
the carbonium carbon atom may complete its octet is to ta e a 8 ro “P 
its electron pair from a neighboring carbon atom (genera y, u 
always, the next one) to form a new carbonium ion. This new car <™ ,u 
ion may now coordinate with a nucleophile, eliminate to an o e 



* ® 

R:CCR 

R H 
r «r 2* 

corfconit/fn 



Viz . . 

C • C • R 

• • • • 

R H 
3' 


cofkonium 
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rearrange further. These rearrangements are not uncommon and always 
occur when a neo (or tetrasubstitutcd) carbon atom adjoins the functional 
carbon atom and that atom is primary or secondary. Thus neopentyl 
alcohol on treatment with hydrogen bromide gives only fe/ 7 -amyl bro¬ 
mide. The driving force for this rearrangement is the formation of the 
stable tertiary carbonium ion from the less stable primary (or secondary) 
one. Both carbanion migration and hydride ion (H:~) migration occur. 



CH: 


ch 3 —c—ch 2 —oh 
ch 3 

neopentyl alcohol 



CH 


© 

CH 3 —c—CH,—o— H 


CH 3 


H 



CH 


CH 3 C-c— H 


CH 3 H 

n«opentyl cation 


H 

♦ I 

ch 3 — c—c— ch 3 

I I 

ch 3 h 

ethyldimethylcarbonium 

ion 


Br 


ch 3 —c— CH2CH3 


ch 3 

3 # -omyl bromide 


Thus, isobutyl alcohol on treatment with hydrogen bromide gives some 

/er/-butyl and some sec-butyl bromide along with the principal product, 

isobutyl bromide (eqs. 27 and 28). The extent of rearrangement depends 

upon the relative stability and the lifetime of the carbonium ion. If the 

original carbonium ion is captured rapidly by a nucleophile, the chance of 

its rearrangement is less than when it is formed under conditions where 
its lifetime is longer. 


(27) 

CH 3 CH—ch 2 

I 

© 

—0—H 

H 

1 © 

— ch 3 — c —ch 2 

h: “ 

migration 


ch 3 

h 

ch 3 



© 

ch 3 c— ch 3 

ch 3 

Br~ 

Br 

1 

ch 3 —c— ch 3 

ch 3 





(20) 

ch 3 ch—ch 2 - 

© 

-0—H 

H 

1 © 

— CH 3 —c—CHj 

ch 3 

© 

:CH 3 


1 

CH 3 

1 

H 

migration 


CH 3 ~C—CHjCHa ——► CH 3 CHCH 2 CH 3 
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Carbonium ion reactions of halides also may involve rearrangements. 
Thus treatment of neopentyl bromide with silver hydroxide gives tert- 
amyl alcohol (eq. 29). The rearrangement path is similar to that described 

in outline (26). 



ch 3 

CH 3 —c—CH 2 Br + AgOH 
CH 3 

neopontyl bromide 


OH 

I 

CH 3 C— CHjCH 3 + AgBr 

ch 3 

3*-amyl alcohol 


Although most displacement reactions we will discuss in our study o 
organic chemistry do not involve skeletal rearrangements, reactions that 
involve the generation of a sextet of electrons on an atom (carbon, nitro¬ 
gen, or oxygen) often lead to group migrations such as have been de¬ 
scribed, and these represent an important and common system ol rear 
rangement reactions. When simple 1 , 2 -migration ot groups occurs, as in 
the preceding cases, the rearrangement is called a Wagner-Meerwetn re¬ 
arrangement. 

The pinacol rearrangement is a reaction ol vicinal glycols, R>COHR: 
COH, and is named after the compound first observed to rearrange thus 

(eq 30 ). 


(30) 


CH 3 ch 3 



OH OH 

pinocol 



ch 3 


ch 3 


o ch 3 

pinocolooo 


H 


h 2 o 


The mechanism is similar to that of the Wagner-Meerwein rearrange 

ment. 



R R 



OH OH 



-H ? 0 


I/*®/ 

R-C- C x 


R 

I 

R—C C—R 

II I 

®OH R 


R 

C —C —R + H * 

1 I 

O R 


The pinacol rearrangement is quite general lor glycols w ^' c ^ ^ OUr 
groups, R, are alkyl or aryl groups and becomes more difficult the more 

hydrogen atoms there are on the carbinol groups. 

( 2 ) Alkyl Halide Formation with Inorganic Halides. Internal return was 
mentioned, § 12-1 B( 5 ), as participating in some allylic rearrangements. 
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which involve a change in the point of attachment of an anionic group on 
an allylic carbon chain. Internal return also is involved in the formation 
of alkyl halides from alcohols and inorganic acid halides via alkyl chloro- . 
esters of phosphorus and sulfur acids. The essential rearrangement occurs 
on the inorganic group in this process (eq. 33). 

(32) CH 3 CH 2 CH 2 CH 2 OH + SOCIj — CH 3 CH 2 CH 2 CH 2 0—S—Cl + HCI(g) 

O 

1-butanol n-butyl chlorosulfinate 


(33) CH 3 CH 2 CH 2 CH 2 O S Cl — 

o 


@^0 

ch 3 ch 2 ch 2 ch 2 o—SCI 


4 

o 


CH 3 CH 2 CH 2 CH 2 - • -Cl* • -so 2 


intimate ion pair 

CH 3 CH 2 CH 2 CH 2 CI + S0 2 (g) 

n-butyl chloride 

The reactions with phosphorus halides, PCIj, PC1 5 , PBr 3 , and PIj, 
follow similar pathways. These reactions make easier the preparation of 
primary alkyl halides that are available from primary alcohols only upon 
more drastic treatment with hydrohalogen acids. However, skeletal re¬ 
arrangements may occur, as carbonium ion intermediates are involved. 

(34) 6 CH 3 CH 2 OH + ^ 2 P + 3I 2 , — 6CH 3 CH 2 I + 2H 3 P0 3 

V 

ethanol form Pl 3 ethyl iodide 

in situ 

Phenols proceed only to the ester-formation stage, since aryl cations 
fail to form. 


(35) 3C 6 H,OH + PCI 3 — (C 6 HjO) 3 P + 3 HCI 


QUESTIONS AND PROBLEMS 

1. Describe and explain the effects of hydrocarbon groups on compounds 
undergoing the following reactions. 

a. replacement of hydroxy group by c. preparation of an ether by de¬ 
halogen hydration 

b. cleavage of an ether 

2. Tell whether the following can be done satisfactorily and explain why. If * 
more effective reagent is needed to bring about the desired transformation, tell 
what the reagent is. 



NUCLEOPHILIC REPLACEMENTS IN ALCOHOLS AND ETHERS 291 


a. 


preparation of an aromatic halide by treating a phenol with Lucas 


re- 


b. preparation of an aliphatic halide by treating a primary alcohol with d.lute 
hydrochloric acid 

c. cleavage of an aliphatic ether using concentrated hydrobromic acid 

3. Write equations for the reactions that occur when the following compounds 
are mixed. Indicate essential special conditions. Use structural formulas for 

organic compounds. 


a. 2°-butyl alcohol and hydro¬ 
chloric acid 

b. /i-propyl alcohol and sulfuric 
acid (i mole) at 140° 

c. 1,1,2,2-tetraphenylethane-1,2- 
diol and hydrochloric acid 


d. 3 . 3 -diethvl- 2 -pentanol and con¬ 
centrated sulfuric acid 

e. 2,2-dimeth> 1-3-chloropentane 
and aqueous sodium hydroxide 

f. neopentyl bromide and sodium 

sulfide 


4. Show how the following compounds can be prepared in good yield from the 
suggested starting materials. Use structural formulas for organic compounds and 
indicate essential conditions. 


a. Ai-amyl bromide from n-amyl al¬ 
cohol 

b. 2’-bulyl bromide from the 
appropriate alcohol 

c. di-n-propyl ether from the ap¬ 
propriate alcohol 

d. 2,7-dimethyloctane from isoamy l 
alcohol 


e. ally I mercaptan from ally I alco¬ 
hol 

f. ethylacetylene from ethanol and 
acetylene 

g. / 7 -butyl isocyanide from n-butyl 
alcohol 

h. 3.4-dihydroxybenzaldehydc di- 
acetate from veratraldehyde (3.4- 

dimethoxybenzaldehyde) 


5. Describe the side reactions encountered in the preparation of «-buty I bro¬ 
mide from n-butyl alcohol by the use of sulfuric acid and sodium bromide. n e 

structural formulas for the organic products of these side reactions. 

6 . In the preparation of isobutyl bromide by a method analogous to that in 

Question 5 for the preparation of n-butyl bromide, what side reactions can. be 
expected without counterparts in the preparation of the norma romi ^ J"'' * 

structural formulas for the products of these side reactions, n icate ow 

7. An ether was cleaved to give isobulyl iodide and methyl iodide, rite the 

probable formula of the original ether. How certain can one be o I e struc 

the group that gave the isobulyl iodide 0 Why? 

8 . What products might you anticipate from the reaction ol methyl-rm-buty l- 

carbinol with hydrogen bromide? 

9. Write equations to illustrate the following terms. 

a. 1,2-shift b. Wagncr-Mcerwein rearrangement 


* 


Elimination 
Reactions 

13-1 BETA ELIMINATIONS 

A. General Reaction Types Involved in Eliminations 

The formation of double and triple bonds between atoms by the loss of 
two atoms or groups from vicinal atoms represents the most general type 
of elimination reactions. These are termed /?-elimination reactions. Com¬ 
mon reactions include formation of olefins by dehydration of alcohols 
(eq. 1), dehydrohalogenation of alkyl halides (eq. 2), dehalogenation of 
vicinal dihalides with metals (eq. 3), debromination of vicinal dibromides 
with potassium iodide (eq. 4), decomposition of quaternary ammonium 
hydroxides (Hofmann eliminations) (eq. 5), and pyrolysis of esters (eq. 6), 
among others. Acetylenes can also be prepared by many of these routes, 
as can carbon-oxygen and carbon-nitrogen multiple bonds. 


(1) 

1 H * \ / 

H—C—C—OH M • C=C + 

II / \ 

1 1 

H ? 0 


(2) 

HO 4 H—C—C —X — HjO 4 

/ c=c ( + 

X" 

(3) 

II \ / 

X-.C-C-X + Zn - /C =C N + 

Zn 2+ + 

2X“ 

(4) 

II 

• 

1 

1 

CO 

+ 

tn 

— u — 

—o— 

1- 

C0 

+ b' + 

2 Br 

(5) 

1 1 © A 

H—C—C — NR 3 OH" H 2 0 4 

\ / 

/ C \ + 

NR 3 


(6) H—C—C-OCOR — \=C 4 RCOOH 


B. Dehydrohologenations of Alkyl Halides. General Mechanisms 

When an alkyl halide is treated with a base, both substitution and 
elimination may occur (outline 7). Nucleophilic displacements have been 



292 


BETA ELIMINATIONS 293 


I I 

(7) B: ‘ + H—C—C—X 

II 


H—C—C —B + 


BH 


H 


discussed in Chapter 12 and are considered here only in a role competitive 
with elimination reactions. As with displacements on alkyl halides elimi¬ 
nations may show kinetic orders which depend on both alkyl halide and 
base concentrations (dubbed E2 eliminations, eq. 8) or may ave rates 
dependent only on alkyl halide, being independent of the nature and 

(8) rate = Jc 2 (RX)(B) 

concentration of base (El eliminations, eq. 9). Like S N 1 displacements, 
the latter elimination process involves carbonium ion intermediates. 

(9) rate = k,(RX) 

C. Base-Promoted Elimination Reactions. The Concerted Process 

When 0-phenylethyl bromide is treated with ethanolic sodium hydrox¬ 
ide at reflux, it is rapidly converted to styrene (eq. 10) in a reaction that 


( 10 ) 



CHjCHjBr + OH 



CH = CH 2 + h 2 o + 


Bi 


/3-phenylethyl bromide styrene 

Shows first-order dependence on alkyl bromide and first-order dependence 

on hydroxide ion. A reaction scheme such as eq. (11) may e |P° S ’ 

in which the base performs a nucleophilic displacement on y roge 
liberate the electron pair of the hydrogen-carbon bond which at the same 
time displaces halide ion from the next carbon atom. e lra ^ si *? , 

thus involves partial cleavage of the hydrogen-carbon an tar on 

bonds and partial formation of the carbon-carbon ou c on . 




in) 



% 

/ 

H 


\ 


R.2 

R ^ \ 


X i 


-.4- 

C “ 


w 

c 


B:©- 


w 

H 




B * 


R. 

\ 


/ 


C=C 


r 

/ 


\ 


R4 


BH 


mechanism predicts that the reactivity will increase wit (a) ,nc ^ , 
strength of the base B, as base strength measures nucleophi ici y on y 
gen, (b) increased acidity of the hydrogen —that is, increase a 1 » y 
^-carbon to stabilize a negative charge, and (c) stability o as a 
group. Thus, hydroxide ion is a better eliniination rcagen a 



294 ELIMINATION REACTIONS 


ion; the latter tends to favor displacement rather than elimination. Even 
more effective than hydroxide ion is the more basic /-butoxide ion. As 
electron-attracting groups stabilize negative charges, />-nitro-/9-bromo- 
styrene reacts with sodium isopropoxide in isopropyl alcohol (eq. 12) 
1200 times faster than does /3-bromostyrene (eq. 13). 



c.s-p nitro-J bromosty rent 


0 2 N 



+ (CH 3 ) 2 CHOH 


pnitrophenylacetylenc 


+ Br “ 




c/s-tf bromostyrene 


(Ch 3 ) ? cho ' - 



(CH 3 ) 2 CHOH 


+ 



phenyloc#fylcne 

Carbonyl and sulfonyl groups stabilize anions well; therefore, /J-halo- 
ketones. esters, aldehydes, and sulfones are very sensitive to alkali. Exam¬ 
ples are given in eqs. (14) and (15). 

O O 

(14) C 6 H 5 CHBrCH ? CC 6 Hj + OH" ——— C 6 H 5 CH = CHCC 4 H 5 

benzolocetone 

(15) CH 3 CHBrCH 2 S0 2 C a H } + OH" ——CH 3 CH = CHS0 2 C 6 Hj 

Just as with displacement reactions in similar solvents, iodides are most 
reactive, bromides intermediate, and chlorides least reactive. 

The proposed mechanism (eq. II) shows elimination of trans-groups, 
which is usually observed to be preferred over the corresponding cis- 
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eliminations. For example. c.j-rfJ-bromostyrene (which has * 1 > dro ? e " d 
bromine irons) reacts with sodium isopropoxide (eq. 13) about -00.001 
times faster than rrans-d-bromostyrene. which must undergo m-elimina- 

tion (eq. 16). 


(CHjhCHO 


C*HxC = CH * (CH 3 )jCHOH ~ Bi 


(16) C 6 H 5 H 

c=c + 

/ \ 

H Br 

frons-ff-bromostyrene 

As/erf-halides are substantially inert toward bimolecular displacement 
reactions, while primary are especially susceptible. tertiar> a ip a 1 
halides give almost entirely elimination on treatment with ethanol.c alk . 
while primary halides give relatively more substitution (Table 13-1). 
Secondary halides are intermediate. Since the - reaction o e 
halides is dependent on base concentration, whereas t eir s reau c 
independent of base concentration, the former is avore > 
concentration. Primary halides do not show this effect, as both their E 
reaction and their S N 2 reaction are dependent on base concentrate . 


TABLE 13-1. Potion Products from Alkyl Holides ond Sodium H ydroxide m Etho o 
-- ----ROH ♦ ROCjH, 


Alk>l bromioc 

CH,CH 2 Br 

•t v 

1 

99 

:i 

CHjCHBrCHj 

79 

Br 



CHjC—CHj 

93 

7 

CH, 

- 



Unsymmetrical halides usually give mixtures of all the poss.b p 
olefins, but the most (or more) highly substituted olefin is formed in aTg 
amount. This is called the Sayizeff rule. Examples are given m 
(17), (18), and (19). Only that fraction giving olefin is considered. 

CjMjOH 

(17) CHjCHCHjCHj + 'OC ? H s -* 

Br 

»ec-butyl bromide 

81% CHjCH = CHCHj and 19% CHj^CHCHjCHj 
2-bulene 1 bu,#r " 
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(18) ch 3 ch 2 ch 2 chch 3 + ~OC 3 H s 

Br 

2-bromopentane 

71% CH 3 CH 2 CH=CHCH 3 and 

2-pentene 


C 2 H 5 OH 


CH 


(19) 


CH 3 


\ 

CH 2 CH 3 + ' oc 2 h 5 

Br 


29% CH 3 CH 2 CH 2 CH=CH 2 

1-pentene 

c 2 h 5 oh 


ferf-amyl bromide 


71% CH 3 C=CHCH 3 and 

ch 3 

2methyl-2-butene 


29%CH 2 =CCH 2 CH 3 

ch 3 

2-methyl-1 -butene 


(1) Reagents for Eliminations. Base strength is remarkably important in 
affecting rates of elimination reactions. While sodium or potassium hy¬ 
droxide are the strongest bases available in aqueous solution, sodium 
ethoxide in ethanol is stronger. Potassium fe/ 7 -butoxide is utilized for 
eliminations, as it is very bulky and consequently sterically' hindered for 
displacement reactions where it must be brought close to a polysubstituted 
carbon atom rather than to a monovalent hydrogen atom as in elimina¬ 
tion. It is a reactive base when dissolved in fe/ 7 -butyI alcohol, but its re¬ 
activity is increased tremendously when dissolved in the highly polar 
solvent, dimethyl sulfoxide, CH 3 SOCH 3 . Table 13-2 lists the relative rates 
for the reaction given in eq. (20) with a \M solution of various bases. 


QH \ /° 

( 20 ) / C= \ + B " 
H C*H» 

a<hloro-franj-stilbene 


c 6 h 5 c=cc 6 h 5 + bh + cr 


diphenylacetylene 

(tolan) 


i 


TABLE 13-2. Variation of Rate of Elimination with Base Used 

_ ^ asc _ Temp,, *C Half-life, s ec. Relative Rate at 20* 

NaOHinC 2 H 5 OH 97 765 j 

KOC(CH 3 ) 3 in (CH 3 ) 3 COH 2 5 3.9 x 10 4 2 30 

KOC(CH 3 ) 3 in CH 3 SOCH 3 20 5.9 x 10' 3 3 x 10 9 


®" Amines may also be used as bases in elimination reactions. Hindered 
tertiary amines are generally used to avoid formation of quaternary am¬ 
monium halides by displacement. 
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Since elimination processes generally have higher activation energies 
than displacements, eliminations are conducted at high temperature* 
when possible—for example, by boiling in quinoline or by dropping the 
alkyl halide onto molten potassium hydroxide. 

(2) Base-promoted Elimination Reactions. The Carbanion Intermediate Proc¬ 
ess. The bimolecular process discussed thus far is a concerted one 
(eq. 11) in which the transition state involves all of the bonds concerned 
in the transformation of base and alkyl halide to the conjugate acid of 
the base, olefin, and halide ion, although not ail of them necessarily to 
the same extent. Another mechanism, which has the same kinetic order 
(eq. 8) as the concerted process, is given in eqs. (21) and (22). This process 
has an intermediate carbanion , that is, a carbon atom bearing a free elec- 

II 0 I I 

(21) C:X = OH + 0 :C—CX 



tron pair (Fig. 13-1) and a negative charge. This intermediate may react 
with BH to return to starting material (or to an isomer of the starting 
material) (reverse of eq. 21) or may lose halide ion (eq. 22). When the 


• * 



Fig. 13-1. MO Cloud and MO Diagram for a Carbanion. 


loss of halide ion is much faster than reaction with BH, it has not been 
possible to distinguish this process with certainty from the concerted proc¬ 
ess, although subtle arguments have been raised in its behalf. On the 
other hand, when the reverse of eq. (21) is faster than or at least com¬ 
petitive with loss of halide ion, the mechanism can be demonstrated by 
conducting the reaction in deuterated solvent. If the base is C ; H>0 and 
the solvent used C 2 H s OD, reaction of the carbanion gives deuterated start¬ 
ing material (eq. 23), which can be isolated after the reaction is earned 



® ; C—C—X + C,HjOD 


D: C—C — X + CjHjO 


part way. This has been done in a number of cases, one example of which 
is given in outline (24). 
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chci=cci 2 


NoOC 2 H 3 

c 2 h 5 od 


cdci=cci 2 


The carbanion process is favored in eliminations to highly halogenated 
acetylenes, whenever highly stabilized carbanions are involved (a to car¬ 
bonyl or sulfonyl groups) and when the trans concerted process is inoper¬ 
able (cis eliminations, eliminations from ncndiaxial conformations in 
cyclohexanes, etc.). 

D. Dehydrohalogenations Involving Carbonium Ion Intermediates 

As discussed in the chapter cn nucleophilic displacements, carbonium 
ions undergo not only coordination with nucleophiles to give net dis¬ 
placement, but also proton transfer to base to give olefins (eqs. 25 
through 27). 



H—C—C—X 





©/ 


Y: 



H—C—C—Y 


(27) H—C—+ Y: YH + + ^C=C^ 

Both of these processes have eq. (25) as the slow step, with the proportion 
of olefin in the final product determined by the ratio k E /(k s + *e)- The 
reactions are zero order in base (eq. 9), as the slow step does not have base 
in its transition state. 

(1) Dehydrations of Alcohols. A strong proton donor or Lewis acid is 
needed for dehydration of alcohols to olefins. Acid is required to form an 
oxonium ion (eq. 28), which then loses water to give a carbonium ion 
(eq. 29), which then may lose a proton to give olefin (eq. 27). The car¬ 
bonium ion mechanism is indicated by the relative ease of dehydration of 


ii ll® 

(28) H—C—C—OH + H + — H—C—C—OHj 

I I © I ©/ 

(29) H—C —C—OH 2 — H—C—C 

II I \ 

tertiary alcohols and much greater difficulty of dehydration of primary 
alcohols than secondary. As with all carbonium ion reactions, rearrange¬ 
ments occur readily. Thus l-butanol gives a mixture of 1- and 2 -butenes 
(outline 30). 
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(30) CH 3 CH 2 CH 2 CH 2 OH • H?S ^ 4 » CHjCH 2 CH=CH 2 and CH 3 CH —CHCHj 


160* 


10% of olefin 


90% of olefin 


Nonvolatile acidic materials suitable for dehydrations are sulfuric acid, 
potassium bisuifate, sulfonic acids, phosphoric acid, polyphosphoric acid, 
and phosphorus pentoxide. Alumina is also effective at higher tempera¬ 
tures. Tertiary alcohols and other very reactive alcohols can often be 
dehydrated even with iodine catalysis, wherein iodine manifests weak 
Lewis acid character. 

Industrially* alcohols are prepared by hydration of lower olefins avail¬ 
able from cracking of petroleum fractions. Consequently, dehydrations 
have no practical value among lower alcohols, except as laboratory pro¬ 
cedures. Yields of olefins are often good. The Saytzeff rule is obeyed. 
For example, from the dehydration of 2-pentanol (eq. 31). a yield of 80° o 
of 2-pentene is possible, indicating that at least 80° o of the dehydration 
product is this compound. Similarly, 80°; yields of 1-methylcyclohexene 


(31) CH 3 CH 2 CH 2 CHCHj 


OH 


HjSO. 


ch 3 ch 2 ch=chch 3 + h 2 o 


and other 1-alkylcyclohexenes are reported from the corresponding 
1-alkylcyclohexanols. 

(32, ( ' ' 




H,0 


OH 


An example of dehydration of a keiol with iodine (Hibbert method) is 
the preparation of mesityl oxide in 91% yield from diacetone alcohol. 


OH 


(33) CHjCCHjCCHj ~ 2 ~* CH 3 C = CHCCH 3 


h 2 o 


ch 3 O 

diocetone olcohol 
(o ketol) 


CH 3 O 

mesityl oxide 


(2) Other Carbonium Ion Eliminations. Olefin formation from tertiary 
and some secondary alkyl halides and from many alkyl sulfonates and 
alkyl sulfates can occur by a carbonium ion mechanism. Pyrolysis ol 

sulfonates may follow a different course (tjl 3-2B). 

Characteristically, such carbonium ion eliminations are nonstereo 
specific; m-eliminations occur as easily as rra/rv-eliminaf.ons. Also, char¬ 
acteristically, the stability of the intermediate carbonium ion influences 
the reaction rate. Finally, the transition slate between the carbonium ion 
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and olefin must have enough similarity to the latter, in that olefin stability 
has considerable effect on the course of the reaction (but not its rate, since 
the first TS is rate-determining). 


(34) CH 3 CH 2 C(CH'3)2Br 
fer/-amyl bromide 


(36) 


(35) CH 3 CH 2 C(CH 3 )j_1 


rate-determining 

step 


CH 3 ch 3 

/ \ 

H CH 3 


0 

CH 3 CH 2 C(CH 3 ) 2 + Br 


CH 3 ch 3 

/ c= \ 

H CH 3 

(major product of elimination, 32% yield) 


ch 3 ch 2 c— c 


H H 

v 

.c- • • -H 

/ 


\ 


CH 


CH 


CH 3 CH 2 —C. 


/ 


\ 

CH 


(minor product of elimination, 8% yield) 

(0H 3 ) 3 CCH 2 CH(CH 3 )OSO 2 -<f = \-Br (CH 3 ) 3 CCH 2 CHCH 3 


a-neopentylefhyl p-bromobenzenesulfonote 


(CH 3 ) 3 C^ h 

/ \ 

H CH 3 


step 


© 


(37) (CH 3 ) 3 CCH 2 CHCH 3 


r 


(CH 3 ) 3 C^ 

/ c=c \ 

H CH 3 


(moximol product, 75% of elimination) 


interference 

/ \ 


(CH 3 ) 3 C 


H 




/ 


CH 3 


H 


\ 


H 


(CH 3 ) 3 C ch 3 

-* C=C 

/ \ 

H H 

(minimal product, 1% of elimination) 


H H 

v.. 

./ 

(CH 3 ) 3 CCH 2 —C 

H 


H 


(CH 3 ) 3 CCH 2 CH=CH 2 

(medial product, 24% of 
elimination) « 


E. Dehalogenations 

Treatment of dihalides with metals such as zinc leads to olefin forma¬ 
tion, with trans elimination of groups observed when possible (eq. 38). 


BETA ELIMINATIONS 301 


A similar mechanism obtains with iodide ion on dibromides (eqs. 39 
and 40). 




(40) IBr + 2 1" — l 3 ~ + Br 


Such reactions are useful for “protecting" double bonds by addition of 
bromine. Then a reaction elsewhere in the molecule to which the original 
double bond might have been sensitive may be conducted and this may be 
followed by regeneration of the olefinic linkage. Since both bromine addi¬ 
tion (§14-2A) and debromination are irons processes, the spatial arrange¬ 
ment of the original olefin is conveniently restored in the final olefin. 

F. Hofmann Elimination Reactions 

Elimination of quaternary nitrogen from a quaternary ammonium 
hydroxide is quite similar to dehydrohalogenation. The positive nitrogen 
atom is strongly electron-attracting. The hydroxide ion of the compound 
itself acts to remove the activated hydrogen atom (eq. 41). 

I I © 

(41) —C —C — N(CHj) 3 + OH 

H 


H —o: •••■H 


fl\ 

:C — C 


:N(CHj) 3 


\ / 

/ \ + 


: N(CH 3 ) 3 + H 2 0 


Since the quaternary ammonium hydroxide furnishes its own basic 
attacking ion, as well as its own electron-attracting leaving group, no 
external reagent or catalyst is required. 

Healing a quaternary ammonium halide decomposes the salt in such a 
way that the primary alkyl halide of the smallest alkyl radical is formed. 
If the quaternary ammonium halide contains a methyl group, the methy l 
radical is the one lost, which is consistent with the order of reactivity in 
direct displacement reactions (eq. 42). 
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(42) 


© 

r 3 nch 3 


H H 

\/ A 

R 3 N • • • *C ■ • • ■ I 


H 


r 3 n + ch 3 i 


However, if the quaternary ammonium halide is treated with moist 
silver oxide to form the quaternary ammonium hydroxide and this is de¬ 
composed, the reaction takes a different course. In this case, whenever 
possible, elimination is the preferred reaction. A methyl group is removed 
only if there are no ^-hydrogens, as, for example, in tetramethylammo- 
nium hydroxide. In that case, direct displacement occurs to give metha¬ 
nol. Higher groups form double bonds. Thus, trimethylethylammonium 


(43) (CH 3 ) 4 N + OH" — CH 3 OH + (CH 3 ) 3 N 


hydroxide forms ethylene, water, and trimethylamine. 

© 

(44) (CH 3 ) 3 NC 2 H 5 OH" — CH ? = CHj + H z O + (CH 3 ) 3 N 


Hofmann elimination reactions are very useful in the determination of 
structures of naturally occurring amino compounds. An amine is 
methylated to give a quaternary ammonium salt, which is converted to the 
base with silver oxide. This is then decomposed. Heating the salt with 
potassium hydroxide is also effective. If more than one large group is 
present on the nitrogen atom, they can be removed one after another by 
repetition of the methylation, base formation, and deamination. The 
process is called the Hofmann exhaustive methylation and degradation of 
amines, since it was first used by August W. Hofmann in his structural 
analysis of amines. Application of the method to morpholine gives the 
results show n in eq. (45) through outline (48). 


(45) 


< 


CH, —CH 


\ 


CH, —CH 


/ 


NH + 2 CH 3 1 + OH 
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ch 2 —ch 2 ch 3 

(47) </ V® OH- 

CH 2 —CH 2 ch 3 



CH 


/ 


CH 2 = CH — 0(CH 2 ),N 


\ 


CH 




ch 3 

/ C H 3 I Ag 2 Q A 

ch 2 =ch— 0(CH 2 ) 2 N^ oh - h 2 0 

CH, 



h 2 o 


ch 2 =ch— o— ch=ch 2 


Hofmann eliminations do not follow the SayUeff rule (§I3-IC). The 
tendency in Hofmann elimination of alkyl groups is to give the leas, 
substituted olefin. Thus, .«r-butyltrimethylammon,um hydroxide gives 
largely 1-buter.e (eq. 49). The reaction is thus used to prepare terminal 


(49) CH 3 CHjCH—CH 3 OH" -- CH.CH.CH-CH, + H 3 0 + N(CH 3 b 

N(CH 3 )3 

© 

olefins. For similar reasons, ethyl-n-propyldimethylammonium hydroxide 
gives principally ethylene and dimethyl-n-propylamme teq. 50) in pret- 
erence to propylene and dimethylethylamine. 



CHj 

I® A 

CH 3 CH 2 N —CHjCHjCHj OH * 

CH 3 

CH 2 = CH 2 + H 2 0 + CH 3 CH 2 CH 2 N(CH 3 ) 2 


G. Stereochemical Preferences 

As mentioned several times already, ^-elimination reactions involving 
attack by base on a substrate to give olefin or acetylene proceed with 
considerably greater facility when the departing groups arc irons than 
when they arc cis. This is usually rationalized by assuming that the irons 
eliminations arc concerted, with transfer of a proton to base, formation of 
the carbon-carbon double bond, and departure of the leaving group oc¬ 
curring in a synchronous fashion (eq. 51). The rrrnis-coplanar require¬ 
ment for the transition slate is analogous to that requiring inversion in the 

direct displacement process. 
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13-2 PYROLYTIC cis-ELIMINATIONS 
A. Amine-Oxide Decompositions 

A new variant of the Hofmann elimination involves the pyrolysis of an 
amine oxide (eq. 53) prepared by the action of hydrogen peroxide on a 
tertiary amine (eq. 52). 





+ h 2 o 2 


X / 

X / , 

X / 

\:—cr 

/ \ © 

H ' 

eo ch 3 


h 2 o 



This reaction, which is now called the Cope elimination, occurs at 
rather mild temperatures. The example in eq. (54) shows a use of the 
reaction under mild conditions to give an unconjugated olefin, without the 
isomerization to conjugated olefin anticipated with the use of alkali and 
higher temperatures (normal Hofmann conditions). 


(54) QH^HCH.CHjtjKCHjk 

CHi O 


120 * 
10 min. 


C 6 H 3 CHCH=CH 2 + (CH^NOH 
CH 3 


B. Other Pyrolytic Eliminations 

The pyrolysis of esters (e.g., acetates, benzoates, xanthates) leads, often 
in excellent yields, to olefins (eq 55). These, like the amine oxide pyrolysis 
are cis eliminations. They have great utility in synthesis. Preparation 
of xanthates is given in §18-3D. 


H 




cyclohexene 
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H 4- CHjSH + COS 


methyl borrtyl xanthote bornylene 

Pyrolysis of alkyl sulfates and sulfonates may also involve a cyclic 
mechanism (eq 57) although at lower temperatures or in solution these 
compounds undergo base-catalyzed (§13-1C) and carbon,urn ,on 
(§13-1 D(2)) elimination reactions. 


(57) CH 3 CH 2 0S0 2 C 6 H* 

ethyl benzene- 
wlfonote 


distillation 


H \ / 
o—s— c 6 h s 


CH 2 =CH 2 + C 6 HjS0 3 H 
ethylene 

13-3 1,4-CONJUGATE ELIMINATIONS 

The removal of groups or atoms from the carbon atoms that flank a 
double bond to give a diene is termed 1.4-conjugate elimination. Examples 
are given in eqs. (58) and (59). The reaction course can be rationalized 

as in eq. (60). 



(58) Zn + 

Br 

3,5-dibromocydopentone 


U 


cydopentodienc 


+ ZnBr 2 


Cl 


(59) HO 



H,0 



trom-9,10-onthroc«ne dichlorid# 


9-chloroanthro<«rv« 


Cl 


I I .1 I 


h 2 o 


\ 

+ / c 


c—c= 


/ 

c + 

\ 


(60) 
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13-4 ELIMINATIONS INVOLVING INTERNAL REPLACEMENTS 

Certain elimination reactions are actually internal nucleophilic replace¬ 
ments of one group by another. The most useful of these are reactions 
which give epoxides or cyclopropanes. 

A. Mechanisms 

Suitably placed groups, either nucleophilic by nature or rendered so by 
action of a base, can attack (as usual) the back side of a halide-containing 
carbon atom. While five- and six-membered rings are readily formed thus, 
surprisingly enough alkene oxides are also readily formed. In fact, three- 
membered rings participate quite generally, but only those involving 
oxygen or carbon are usually stable enough to be isolated. 



Participation such as eqs. (63) and (64) by one group in a molecule in a 
replacement of another is called anchimeric or neighboring group assist¬ 
ance. Its effects are twofold: a large increase in reaction rate (often several 
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thousand times) unexplainable by electronic or steric factors alone, and 
net retention of configuration. If the ring opens in the opposite sense as 
the closure, rearrangement may occur. 



cr; + h 2 o 


H 


©/ 
H—O 


R' 

!/' 


HO 


R' 


/; 


r 


•S-R" 



C 

I 


R * 
R 


l- 

\ 


R' 


S—R 


B. Typical Alkene Oxide Preparations 

Epichlorohydrin is prepared in 76-81% yields using powdered sodium 
hydroxide or in 68-72% yields using a calcium hydroxide slurry as de- 
hydrohalogenation agent with glycerol dichlorohydrin (eq. 66). 


(66) CICH 2 CHCH 2 Cl + OH 

OH 

\ ,3-dichloro-2-proponol 
(glycerol dichlorohydrin) 

C. Cyclopropane Ring Formation 

When a halogen atom is y to an active hydrogen atom, treatment with 
base may lead to cyclopropane ring formation. Thus, 5-chloro-2-penta- 
none gives cyclopropyl methyl ketone (outline 67), and 3-phenylsulfonyl- 
5-bromotricycloheptane gives 1-phenylsufonylquadricycloheptane (out¬ 
line 68). Treatment of trimethylene bromide with zinc gives cyclopro¬ 
pane (eq. 69). 


CHj—CHCHjCI + Hj O + Cl 



O 

epichlorohydrin 


O 

II 

(67) CICHjCHjCHjC—CH, 



( 68 ) 




BrCH 2 CH 2 CH 2 Br + Zn 


CH 2 —CH 2 

\/ 


(69) 


+ Zn J+ + 2Br~ 
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13-5 ALPHA ELIMINATION REACTIONS. 

CARBENES AND METHYLENES 

When chloroform is treated with a strong base, such as sodium ethoxide 
in ethanol, a portion is converted to the carbanion conjugate base (eq. 70). 
This can be observed by measuring the rate of deuterium exchange in 
deuterated solvent. In a much slower reaction, this anion loses chloride 
ion to give dichlorocarbene (more properly called dichloromethylene) 
(eq. 71). 

(70) HCCI 3 + OCaHj" — •CCI 3 " + C 2 H 5 OH 

(71) :CCI 3 " — :CCI 2 + Cl“ 

Such a reaction, in which both of the atoms or groups eliminated are 
present on the same atom, is called an a-elimination. 

A. Structures and Reactivities of Carbenes 

Carbene carbon atoms have only six electrons in their valence shells and 
therefore can be expected to be highly reactive. Some of them, in particu¬ 
lar the dihalocarbenes, II, appear to have structures similar to carbonium 
ions (Figs. 13-2A and 13-3A), whereas others, like diphenylcarbene. III, 
appear to be biradicals (Figs. 13-2B and 13-3B). Methylene itself may 
have either structure depending on its mode of preparation and its result¬ 
ing energy state. For methylene, the biradical is lower in energy and the 
singlet state, analogous to II, is an excited state. 



A B . 

Fig. 13-2. MO Diagrams and MO Clouds for Two Struc 
lures of a Methylene (Carbene). 
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P 


P 






JL bonds to C6H5 


Fig. 13-3. MO Energy Diagrams for Dichloromethylene and Diphenyl- 
methylene. (A) Dichloromethylene. a trigonal electron-deficient species like 
Fig. 13-2A. (B) Diphenylmethylene, a biradical like Fig. 13-2B. Energy 
diagram neglects resonance interactions between unpaired electrons and 

aromatic rings. 


C 6 H 5 —C— 

hi 

Dichlorocarbene, prepared from chloroform and base, adds rapidly to 
olefins to give dichlorocyclopropanes. An example of addition to cyclo¬ 
hexene is given in eq. (72). Addition of carbenes to olefins represents a 
very useful method of synthesis of cyclopropanes. 


(72) + CCI, - 

Other reactions of dichlorocarbene from chloroform include hydrolysis 
to formate ion and reaction with primary amines to give isocyanidcs 
(carbylamines; the carbylamine reaction). The former (outline 73) is a 
side reaction that accompanies other reactions of dichlorocarbene pre¬ 
pared from chloroform. The carbylamine reaction is used as a qualitative 
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(73) :CCI 2 + H 2 0 — 


r ® 

HOH 

I 

©:C—Cl 

I 

L ci 


cho 2 - + 2 c r + h 2 o 

formate ion 


Cl 

I 

H—C—OH 

I 

Cl 


2 OH" 


test for primary amines, based on the strong, nauseating odors of the 
isocyanides. 

© © 

(74) :CCI 2 + C 6 H 5 NH 2 — (C 6 H 5 NH 2 —CCI 2 ) — C 6 H 5 NH—CHCI 2 

aniline 


OH~ 

0-elimination 


C 6 H 5 N=CHCI 


OH~ 

a-elimination 


© © 
C 6 H 3 N=C: 

phenyl itocyanide 


Another industrial preparation that probably goes via dichlorocarbene is 
orthoformate ester synthesis. This reaction occurs in alcoholic solution of 
alkali metal alkoxides. 


(75) :cci 2 + C 2 H 5 OH -* C 2 H 5 OCHCIj — - 3Hs ° ► 

(c 2 h 3 o) 3 ch + 2cr 

ethyl ortho- 
formate 

Dichlorocarbene can also be prepared by heating salts of trichlorocetic 
acid (eq. 76). Carbon dioxide and chloride ion are eliminated. 

A 

(76) CCIjCOCT -* CCI 2 + cr + co 2 

Methylene, CH 2 , can be prepared by photolysis or pyrolysis of diazo¬ 
methane (eq. 77) or by photolysis of ketene (eq. 78). It is so reactive that 
it not only adds to double bonds, but also inserts itself into carbon- 
hydrogen and carbon-carbon bonds (eqs. 79 and 80). 


(77) 

CH 2 =N=N: — 

► CH 2 + n 2 

(78) 

ch 2 =c=o by - 

ch 2 + CO 

(79) 

R—H + CH 2 — 

R—CH 2 —H 

(80) 

R—R + CH 2 — 

R—CH 2 —R 


Alkyl- and aryl-substituted methylenes can be prepared from the cor¬ 
responding diazo hydrocarbons ($ 24 - 1 ) by pyrolysis. 

A compound acting like a carbene can be prepared from methylene 
iodide and zinc. The nature of this compound is not yet clear, but it 
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adds readily to olefins to give cyclopropanes (eqs. 80 and 82). Other 
organometallic compounds behave similarly. 

(81) CH 2 I 2 + Zn — {CH 2 Znl 2 1 

\ / II 

(82) jCH 2 Znl 2 1 + / C= \ _< \7 C ~~ + Zn ' 2 

CH 2 


B. Alpha Eliminations from Nitrogen 

(1) The Hofmann Rearrangement. When an amide is treated with sodium 
hypohalite, it is converted to an amine with one less carbon atom (eq. 83). 
This is called the Hofmann reaction or Hofmann rearrangement. The 
mechanistic path of the reaction involves an a-elimination to give an 

O 

(83) RC—NH 2 + OBr~ — RNHj + CO, + Br' 
electron-deficient nitrogen atom (eqs. 85 and 86). This species suffers 


o 

II 

(84) RC—NH 2 + OBr ” 

O 

II .. 

(85) RC—N:H + OH" 

I 

Br 


O 

II 

RC 


/ 


H 


—N 


\ 


Br 


OH" 


O 

II .. 

R—C—n:‘ + H 2 0 

Br 


o 

II .. 

(86) RC—N: 

Br 
O 

II - 

(87) R—C—N: -* 0=C=N—R 

(88) R—N=C=0 + H 2 0 — RNH 2 + C0 2 


O 

II .. 

' — R—C —N: + Br' 


migration of the alkyl or aryl group from carbon to nitrogen to give an 
isocyanate (eq. 87), which is hydrolyzed to an amine (eq. 88). 

(2) Curtius and Schmidt Degradations. Important variants of the Hof¬ 
mann reaction involve the preparation of the key intermediate, I, by 
decomposition of the acyl azide (eq. 89). 



RC—N=N=N 


O 

R—C—n: + :n=N: 


i 
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The azide may be prepared from the acid chloride and sodium azide— 
the Curtius reaction (eq. 90). Heating the azide now leads to the iso¬ 
cyanate, which can be isolated. 

O O 

II I 

(90) RC—Cl + NaN 3 — RC—N=N=N: + NoCl 

In the Schmidt procedure, the carboxylic acid is dissolved in sulfuric 
acid and sodium azide is added carefully. The azide which forms is 
rapidly transformed to amine (as its sulfate salt) via the reactions in the 
sequence (eqs. 89, 87, and 88). 
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QUESTIONS AND PROBLEMS 

1. Write equations for the reactions that occur between the substances listed 
together below. Use structural formulas of organic compounds and indicate essen¬ 
tial special conditions. If more than one product* is likely to contribute signifi¬ 
cantly to the yield, write an equation for the formation of each. 


a. .sec-butyl alcohol and excess con¬ 
centrated sulfuric acid at 170* 

b. /erf-butyl bromide and hot, con¬ 
centrated sodium hydroxide 
solution 


c. diethyldimcthylammonium 
iodide heated 

d. trimethyl-n-butylammonium 
hydroxide heated 
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e. ethylene dichloridc and alcoholic 
potassium hydroxide 

f. 2 , 3 -dibromobutane and mag¬ 
nesium. 

g. 2-chloro-3-butanol and concen¬ 
trated or powdered sodium hy¬ 
droxide 


h. octanoyl azide heated 

i. urea, sodium hypobromite, and 
sodium hydroxide 

j. rranj-2-butene and diazo¬ 
methane heated 


2. Show how the following syntheses can be accomplished in good yield, lndi 
cate reagents and essential special conditions. 


a. 2°-butyl bromide from n-butyl 
alcohol 

b. 1,3-cyclooctadiene from cyclo- 
octane 


c. methylacetylene from isopropyl 
alcohol 

d. 2-butene from ethanol 

e. propylene oxide from n-propyl 
alcohol 


3. Write an equation showing how anchimeric assistance could intervene in 
the hydrolysis of 2 -dimethylamino-l-chloropropane. What might occur if the 
water molecule attacked the intermediate on the middle carbon atom? 

4 Indicate a possible role of dichloromethylene in the formation of phenyl- 
carbylamine (phenyl isocyanide) from aniline, chloroform, and sodium hydroxide. 



Electrophilic Additions 
to Carbon-Carbon 
Multiple Bonds 



14-1 GENERAL REACTIVITIES OF MULTIPLE BONDS 

Multiple bonds, which contain readily polarizable ir electrons (§4-lG(3), 
§7-2), may react with electrophiles to give cationic species (eq. I), with 
radicals to give new radicals (eq. 2 ), or with nucleophiles to give anionic 
species (eq. 3). This chapter is limited to those reactions of carbon-carbon 
double and triple bonds in which the initiating step involves the donation 
of the 7 r electron pair in the multiple bond to an electrophilic reagent. The 
other two types are discussed in Chapters 15 and 22, respectively. 

Electrophilic addition 

(1) y* + — Y —A—B + 

Free radical addition 

(2) Y- + A?:B — Y—A—B- 
Nucleophilic addition 

(3) y:~ + A=B — Y—A—B" 

14-2 ELECTROPHILIC ADDITIONS 

Electrophilic additions include addition to olefins of chlorine, bromine, 
and strong protonic acids, as well as acid-catalyzed addition of water, 
alcohols, organic acids, and weak inorganic acids, and certain similar 
additions to acetylenes. Some examples are given in eqs. (4) to ( 8 ). 

(4) CH 2 =CH 2 + Br 2 — BrCHjCHBr 

(5) CH 3 CH=CH 2 + HCI — CH 3 CHCICH 3 

OH 

(6) (CH 3 )jC=CH 2 + H 2 0 ~— S ~ 4 » CHj—C—CH 3 

CH, 
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(7) 

( 8 ) 


ch 2 =ch 2 + CIOH cich 2 ch 2 oh 

CH=CH + CHaCOOH — -* CH 2 =CHOCOCH 3 


A. Mechanisms of Electrophilic Additions 

The first step of electrophilic addition of bromine to a double bond is 
probably the formation of a it complex (eq. 9 and Fig^ 14-1 A) in which the 
bromine molecule may be assumed to be embedded in one lobe of the 
» electron cloud of the double bond. This complex then cleaves to a 
bromonium ion (Fig. 14-1B) and bromide ion The latter attacks the 
former by a process involving inversion of configuration of the carbon 
atom at which the displacement occurs. 




Br—Br 




It should be noted that this mechanism leads to trans addition of bro¬ 
mine; that is, one part of the bromine molecule adds above the plane of 
the olefin atoms and the other below it. This can be demonstrated with 
appropriately substituted olefins, such as cyclopentene, where addition of 
bromine is stereospecific and trans (eq. 11). 



As the formation of the bromonium ion is the slow step, the rale of 
bromination of simple olefins depends upon the concentration of olefin 
and of bromine. These kinetic results encompass either the path shown or 
one in which the tt complex, which is written as an intermediate above, is 
instead a transition state. It is not possible to distinguish the two kineti- 
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\ I 
V. _ s 

c 

Fig. 14-1. MO Clouds and MO Formulas Representing Various Deriva¬ 
tives of *- Systems. (A) jt complex, (B) Cyclic onium ion, (C) Carbonium 
ion of tight ion-dipole type. 

cally, but iodine, which does not ordinarily form diiodides with olefins, 
does in fact form 7 r complexes which can be detected spectroscopically. 

If we generalize the mechanism given above for the addition of any 
reagent, Z X, in which Z is the electrophilic portion of the reagent, we 
have eqs. (12) and (13). One might assume that the second portion of the 
reaction (i.e., that represented by eqs. ( 10 ) and (13), which are clearly 
nucleophilic displacement reactions) are of the direct displacement type. 
However, this does not appear to be the case. Apparently, the ring open¬ 
ing utilizes the carbonium ion mechanism, with a rather tight ion-dipole 
effectively preserving the stereochemistry in the bromine addition. These 
reactions are shown in eqs. (14) and (15). We have noted (§12-1 B(2)) that 
carbonium ion reactions may give complete inversion in those cases where 
the intimate ion pair reacts with a nucleophile before dissociating to sym¬ 
metrically solvated ions. A similar scheme is formulated for stereospecific 
trans addition, as with bromine, except that an ion-dipole is involved 
rather than an ion pair. It might be anticipated that as the cation-Z inter¬ 
action becomes weaker, or as X becomes a poorer nucleophile, or as the 
solvent polarity becomes greater (so as to slow down reactions of cations 
with nucleophiles), the ion-dipole interaction will be broken and a sol¬ 
vated carbonium ion will result (eq. 16). In such cases one does not ob¬ 
serve stereospecific irons addition, but both cis and irons addition (eqs. 
17 and 18). Chlorine addition is often not stereospecific and addition of 
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acids, water, or alcohols is generally nonstereospccific. Thus, for hydra¬ 
tion of an olefin, the mechanism in eqs. (19) to (21) appears to explain the 
results. Although the 7 r-complex intermediate (eqs. 19 and -0), is widely 
accepted, in many cases the protonation probably forms the carbomum 

ion directly. 
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* 




+ h 3 o* ^ 



+ HjO 




h 2 o 



(both configurations) 



B. Markovnikoff 's Rule 

In 1896, Vladimir Markovnikoff published an empirical rule that de¬ 
scribes the results to be expected upon the addition of unsymmetrical 
reagents to unsymmetrical olefins (outline 22). The rule, as somewhat 

(22) CHj=CHY + z— X — ZCH 2 —CHXY and XCH 2 —CHYZ 

expanded, is that the positive portion of a reagent (i.e., the electro¬ 
philic atom) attaches itself to the olehnic carbon atom which already 
contains the larger number of hydrogen atoms. Some examples of this are 
given in eqs. (5), (6), (23), (24), (25), and (26). 

(23) CH 3 CH=CH 2 + H 2 0 — 1 ^ SQ4 » CH 3 CHCH 3 

OH 

propylene isopropyl alcohol 

(24) CH 3 CH 2 CH=CH 2 + HI — CHaCHjCHCHj 

I 

1-butene 2*-butyl iodide 

(25) CH 3 CH=CH 2 + BfOH — CH 3 CHCH 2 Br 

OH 

1 -bromo-2-propanol 

CHjCHCHjI 
Cl 

2<hloro-l -iodopropane 


(26) CH 3 CH=CH 2 + ICI 
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It should be emphasized that addition often occurs in both d.rect.ons, but 
that the major portion of the product forms according to MarkovmkofT s 
rule The rule applies to electrophilic and not to free radical addition, as 
we shall see later. The rule also breaks down when the:C-'C bond is con¬ 


jugated with an electron-withdrawing group (e.g., C , C—N. etc). 
The explanation for Markovnikoffs rule is quite straightforward. The 

direction of addition depends entirely upon the relative s * ab ' l,l, “ ° f 
two possible carbonium ion intermediates (outlines 27 and 28 . We have 
noted already that secondary carbonium ions are more stable than pri¬ 
mary. hence the rate of the first part of eq. (27) will he greater than he 
corresponding rate in eq. (28). so that the more positive (elecfophil.c) 
group ends on the terminal atom and the nucleophilic portion on the more 
substituted carbon atom. As tertiary carbonium ions are more readily 
formed than secondary, 2 -methyl- 2 -butene hydrates to ten -amyl alcohol 

(eq. 29). 


(27) 


© 

z 

/ \ 

CH 2 —CHR 


\ © 

CH 2 —CHR 


X: 


ZCH 2 — CH — R 


(28) 


© 


HR 


© 

CH 2 


z 

CHR 


x: 


XCH 2 —CH—R 


OH 

H* 1 

(29) CH 3 CH=C(CH 3 ) 2 + h 2 o * ch 3 ch 2 c ch 3 

ch 3 


2 -methyl-2-butene 


ferf-omyl alcohol 


The direction of electrophilic addition reactions to olefins is thus con¬ 
trolled by the relative stabilities of the carbonium ions which result by 
addition of a positive ion from the electrophile and not by the polarity of 
the olefin substrate. (This assumes that the stabilities of the transition 
states for formation of carbonium ions reflects the re'anye stabilities of 
those carbonium ions.) Carbonium ions are stabilized (§12-1 B(4)) not 
only by alkyl substituents but also by other electron-donating groups and 
in particular by groups which donate electron pairs by conjugation. Thus, 
addition of a cation, for example, a proton, to vinyl chloride gives the 

1- chloroethyl cation, which is stabilized by resonance, rather than the 

2- chloroethyl cation which Is not. Similarly, vinyl ethers and esters lead to 
protonation to give 1 and II. which ultimately yield o-chloroethyl ethers 

and a-chloroethyl esters. 



320 ELECTROPHILIC ADDITIONS TO CARBON-CARBON MULTIPLE BONDS 


(30) CH 2 =CHCI + H + 


© 


.© 


[CHjCH—Cl: — CH 3 CH=CI: ] 

• • • • # 

1 -cMoroethyl cation (a corbcniwm ion) 


X: 


CH,CHCIX 


®CHjCH 2 CI 

2<hloro«tf>yl 


A+ 6 + 

CH 3 CH—O—R 
I 


f 


f 


f 


Ch 3 CH—o—C—R CH 3 CH—OR CHjCH—OCOR 


II 


cation 


a-chk>ro«thyl 

other 


a-chloroothyl 

ester 


The reactivities of olefins with electrophiles, like all such reaction rates, 
depend upon the relative stabilities of the transition states for the rate- 
determining step (in this case usually the formation of the carbonium ion) 
and those of the starting olefins and reagent. As the olefin is the nucleo¬ 
phile, one might anticipate that the rates would parallel electron avail¬ 
ability in the olefin. Thus, propylene is faster than ethylene, which in turn 
is faster than vinyl bromide, in agreement with effects of electron-donating 
and electron-attracting groups upon electron availability in the olefin. 

C. Additions to Conjugated Systems 

When an electrophile adds to a conjugated diene, addition occurs in the 
direction such as to lead a resonance-stabilized allylic cation. Thus, for 
example, addition of a proton to butadiene (eq. 70) gives the cation, III, 
which, as noted before (§12-1 B(5)), coordinates with nucleophiles at either 
one of the two positive centers to give a mixture of the a- and 7 -methyl- 
allyl coordination products. 


(31) CH 2 =CH—CH=CH 2 


H:X 


© 


© 


(CH 3 CH CH=CH 2 — CH 3 —CH=CH—CHj] 


:X 


III 


X 

! 

CH 3 CH CH=CHj + CH 3 —CH=CH—CHjX 


a-methylallyl 7 -mefhylallyt 

product product 

The process of addition to two vicinal atoms (e.g., to give a-methylallyl 
product) is termed 1 , 2 -addition, while that to the first and fourth atom in 
a conjugated diene (e.g., to give 7 -methylallyl product) is called 1 , 4 - or 
conjugate addition. Conjugated trienes (e.g., 1,3,5-hexatriene) may give 
1,2-, 1,4-, and 1,6-addition products, as the intermediate carbonium ion, 
IV, has the positive charge distributed over three alternate carbon atoms, 
so that the nucleophile may coordinate with any of these positive centers. 


(32) CHj = CH CH=CH—CH=CH 2 

1,3,5-hexatriene 


Z:X 


ZCH,—CH—CH— CH—CHth-CHj 


iv 
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In o;,$-unsaturated carbonyl compounds (ketones, aldehydes, and 
esters) and nitriles, the conjugated olefinic double bonds are electron defi¬ 
cient and quite unreactive in normal electrophilic addition. If normal 
addition to give the Markovnikoff product occurred, a cation such as V 
would be formed, which would place a positive charge next to a carbonyl 
group, whose carbon atom already bears a large fraction of a positive 
charge due to the carbonyl dipole. Electrostatic repulsion between the 
adjacent positive charges makes such an intermediate a very unstable, 
high-energy species, as already discussed in the chapter on displacement 
reactions (§12-1 B(4)). Thus, normal electrophilic addition is very difficult 
in these systems, and other mechanisms are utilized for hydrogen halide 
addition. 


CHj—CH — 


o »- 
c —R 

i+ 


a,/?-Unsaturated carbonyl compounds and nitriles, as discussed above, 
have electron-poor double bonds, but do have basic oxygen or nitrogen 
atoms. Thus, for example, acrolein is protonated by hydrogen bromide 
on the oxygen to give the resonating cation VI. Coordination with bro¬ 
mide ion at the aldehyde carbon atom (1,2-addition) gives the a-bromo- 
hydrin, which is unstable (§18-1 A) and regenerates VI. Coordination at 
the other positive center (1,4-addition) leads to a vinyl alcohol, proto¬ 
tropic rearrangement of which gives the stable 0-bromopropionaldehyde. 
Thus, 1,4-addition occurs with a,0-unsaturated compounds, is followed 
by a rearrangement, and results in a product opposite to that predicted by 
MarkovnikofT’s rule, with the general formula VII. 


(33) 


H 

1 

CHj=CH—C = 0 


HBr 


acrolein 



+ 


H 

*♦ I 4 + 

CH,—CH—C —OH 

4 ♦ 

VI 


Br 

CH i = CH — CHOH 
abromohydnn 


\ 

BrCH 7 —CH = CHOH — 

tf-(bromomethyl)- 
vinyl olcohol 


H 

I 

BrCH 2 CH 2 C = 0 

/J-bromo- 
propionaldehyde 

D. Typical Addition Reactions 

Multiple bonds involve two carbon atoms, hence may be considered a 
functional group on two positions of a hydrocarbon chain. Much of the 


O 

II 

X — CH 2 — CH—C — R 

H 

Vll 
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synthetic usefulness of acetylenes and olefins derives from the fact that 
the function encompassing two carbon atoms can be used for changing 
positions of functional groups or for introducing two functional groups 
into the molecule. 

The availability of olefins from cracking of petroleum makes them im¬ 
portant chemical raw materials for alcohols, sulfates, dihalides, and many 
other compounds. 

Yields of bromine-addition compounds from such diverse unsaturated 
compounds as allyl bromide, benzalacetophenone, cyclohexene, and 
fumaric acid are often close to quantitative. 

Addition of chlorine to unsaturated compounds, such as methyl 
acrylate, cis- and trans- 2-butenes, and 3-hexene at very low temperatures 
and efficient mixing of chlorine also gives good yields of addition prod¬ 
ucts. Light and peroxides must be avoided, since these lead to side re¬ 
actions. 

Mixed halogens are also useful reagents. They add as polar molecules. 
The reagents are prepared by mixing exactly equivalent amounts of the 
two halogens. 

(34) Cl 2 + Br 2 ~ 2 BrCI 

(35) RCH=CH 2 + Br—Cl — RCHCH 2 Br 

Cl 

Addition of iodine chloride or iodine bromide to unsaturated linkages 
is the basis of a quantitative method of estimating the degree of unsatura¬ 
tion of a fat. Iodine itself does not add to olefinic bonds by the electro¬ 
philic mechanism. 

(36) RCH= r CH 2 + 1CI — RCHCH 2 —I 

Cl 

Halogens can be added stepwise to alkynes. To obtain halogens of 
different reactivity in the molecule, the second mole of halogen added can 
be different from the first. Some of these are probably free-radical re¬ 
actions. One mole of iodine can be added to acetylene. 

Cl H 

(37) HC = CH + Cl 2 ' - 3 -» \ = / 

H Cl 

(38) HC = CH + 2 Cl 2 F ffl- CI 2 CHCHCI 2 

The ease of addition of halogen acids to olefins increases in the order 
chloride to bromide to iodide. Lewis acids are frequently used to catalyze 
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the addition of hydrogen chloride, although the following additions pro¬ 
ceed simply by bubbling hydrogen chloride into the unsaturated starting 
materials. The examples, showing various directive effects, are the prepa¬ 
ration of 1-chlorohydrindene, a-chloroethylbenzene, and 0-chloropropio- 
nitrile. 



+ HCI 



styrene 



1 -chlorohydrindene 



a-chloroethylbenzene 


(41) CH 2 =CH—C=N + HCI — (Cl—CH 2 —CH=C=NH] — 
acrylonitrile 

Cl—CH 2 —CH 2 —C=N 
0-chloropropionitrile 

0-Bromopropionitrile is prepared by addition of hydrogen bromide to 
acrylonitrile in 88% yield. 

Addition of hydrogen chloride to vinylacetylene gives chloroprene, the 
raw material for neoprene rubbers. The intermediate chloromethylallene 
can be isolated, but undergoes a cuprous chloride catalyzed rearrange¬ 
ment via a carbonium ion to chloroprene (eq. 42). 



CH 2 =CH—C=CH + HCI 

vinylacetylene 


CuCI 


{Cl CH 2 —CH==C=CHj 1 


CuCI 

- 


CHj=CH — C = CHj 
Cl 


chloroprene 

Sulfuric acid adds to olefins very readily. The solubility of alkenes and 
alkyncs in concentrated sulfuric acid is due to formation of acid sulfates. 

(43) CHj=CHj + Hj SO* — CH,CH 2 OSO ? OH 

ethylene ethyl hydrogen sulfate 

(44) CH 2 =CH 2 + CHjCH 2 OS0 2 OH —^ CH 3 CH 2 0S0 2 0CH 2 CH 3 

ethyl sulfate 
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Hydration of alkenes to alcohols with dilute sulfuric acid has been con¬ 
sidered to proceed through addition of the sulfuric acid to the olefin, 
followed by acid-catalyzed hydrolysis to the alcohol and sulfuric acid. 
This mechanism may play a minor role in hydration of olefins, but the 
more probable course of reaction is simply acid-catalyzed addition of 
water (eqs. 45 and 46). Ethanol, isopropyl alcohol, sec-butyl alcohol, and 
tert -butyl alcohol are all prepared commercially by this process. 

0 ® 

(45) H 3 0 + + RCH=CH 2 - [RCH-CH 3 ] + H 2 0 — H—O—H 

RCHCHj 

0 

(46) H—O—H OH 

I I 

RCHCHj + H 2 0 — RCHCHj + H 3 0 + 

Addition of water to alkynes is an industrial method of preparing 
acetaldehyde and may also be used for the synthesis of ketones. The 
method is severely limited, however, by the availability of higher alkynes. 
In addition to sulfuric acid, mercuric sulfate is required as a catalyst. 

(47) CH=CH + H 2 0 H * SQ4 * [CH 2 =CHOH] — CH 3 CHO 

H 9 SO 4 

vinyl alcohol acetaldehyde 


H 2 S0 4 

(48) RC=CH + H 2 0 - 

HgS0 4 


RC=CH 2 

OH 


RCCH 3 

II 

o 


An industrial synthesis of acetaldehyde introduced in Europe in 1962 
begins with ethylene, which is treated with aqueous palladium chloride, 
hydrogen chloride, cupric chloride, and air. This reaction involves a re¬ 
arrangement and encompasses the following steps. (Eq. (51) represents 
several as yet undefined steps.) 

(49) 2 HCI + PdCl 2 - 2 H + + PdCl 4 2 ' 


(50) CH 2 =-CH, + PdCi 4 2 



+ Cl 


(51) 


CH 2 =jCH 2 j ' + 
PdCI, j 3 


H.O 



Pd + 3 0 + H* 
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(52) (CH 3 CH=OH) + — CHjCHO + H* 

(53) Pd + 2 CuCl 2 -* PdClj + 2 CuCI 

(5i) 4 CuCI + 4C1“ + Oj + 4H + - 4 CuCI 2 + 2H 2 0 

The overall reaction consumes only ethylene and oxygen, according to 
the stoichiometry. 

PdCU 

(55) 2CH 2 =CH, + 0 2 -—— 2 CHjCHO 

CuCI 2 

HCI 


Addition of hypochlorous acid to olefins gives vicinal chlorohydrins 
useful for the preparation of glycols and epoxy compounds. l-Chloro-2- 
propanol is an example. 

(56) CH 3 CH=CH 2 + HOCI -- CH 3 CHOHCH 2 CI 

propylene 1-chloro*2-proponol 

Ethylene oxide and epichlorohydrin are manufactured by way of the 
chlorohydrins (eqs. (57) and (58) and §13-4B). 

(57) ClCH 2 CH 2 OH + OH' — CH 2 —CH 2 + H 2 0 + Cl 

\> 

ethylene chlorohydrin ethylene oxide 

OH " 

(58) CICH 2 CH=CH 2 + HOCI — CICH 2 CHCH 2 CI -* CH^CHCHjCI 

OH ° 

ally! chloride 1,3*dichloro*2*proponol epichlorohydrin 


E. Side Reactions 

A prevalent side reaction occurring in additions to carbon-carbon 
multiple bonds is addition contrary to the expected mode. Although 
electronic interactions favor a specific product, there is inevitably a small 
degree of contrary addition due to participation of the less probable, but 
still possible, reactive intermediate. Usually this accounts for less than 
10% of the total reaction, however. More serious is anti-Markovnikoff 
addition via another mechanism with certain specific reagents (e g., HBr). 
Exclusion of free radical promoters (peroxides, light) avoids this. 

The distribution of 1,2-addition vs. 1,4-addition in conjugated systems 
involves similar multiplicity of active centers in a molecule. Sometimes 
the one predominates; sometimes, the other, but if both are possible, both 
occur to some extent. 

In halogenation, higher temperatures tend to favor substitution over 
addition. Consequently, careful control of temperature is essential to 
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prevent free radical or ionic substitution from occurring in addition to or 
in place of addition (see §15-3). 

Stepwise addition to alkynes implicates side reactions involving more 
complete or less complete addition than desired. The former is more 
troublesome, since, as has been pointed out, the product with the double 
bond is sometimes more reactive than the original alkyne. 

In many polar additions, the intermediate carbonium ion may attack an 
olefin molecule, resulting in dimerization or further polymerization. 


(59) [R—CH—CH 3 ] + CHj=CHR 

© 


CH 3 —CH—CH 2 - 


© ' 

CH etc. 


14-3 ADDITIONS TO ACETYLENES. VINYLATION 

Vinylation is a reaction in which an active hydrogen compound is added 
to acetylene to give a vinyl derivative. Certain of these have been in¬ 
dustrially important for many years and are carried out at atmospheric 
pressure in the presence of acid catalysts or certain heavy metal salts. 
These include formation of vinyl chloride (eq. 60), acrylonitrile (eq. 61), 
vinylacetylene (eq. 62), vinyl acetate (eq. 63), and acetaldehyde (eq. 64). 

(60) CH=CH + HCI - CuC ' » CH 2 =CHCI 


(61) CH=CH + 


HCN 


CuCN 


CH 2 =CHCN 


(62) 2CH=CH 


CuCI 


CH=C—CH=CH 


(63) CH=CH + CH 3 COOH 


Cd 2+ or 


CH 2 =CH 2 OCOCH 3 


H SO 

(64) CH=CH + H 2 0 - '-TT-* [CH 2 =CHOH] 

Hg ?+ 


CH 3 CHO 


The mechanisms of the heavy metal-catalyzed reactions of acetylenes 
are somewhat obscure and will not be discussed. Nucleophilic addition 
mechanisms will be treated in Chapter 17. 

Vinyl compounds prepared from acetylene find considerable use as 
polymerization monomers. Although reactions with substituted acetylene 
are often similar to those with acetylene itself, these are not of industrial 
importance. 
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SUPPLEMENTARY READINGS 

Gould, E. S., Mechanism and Structure in Organic Chemistry, Holt-Dryden, New 
York, 1959, Chapter 13. 

Hine, J., Physical Organic Chemistry, 2nd Ed., McGraw-Hill, New York, 1962, 
Chapter 9. 

Ingold, C. K., Structure and Mechanism in Organic Chemistry, Cornell University 
Press, Ithaca, N.Y., 1953, Chapter 12. 


QUESTIONS AND PROBLEMS 


1. Write equations for the reactions that occur when the following reagents are 


mixed. Include in the equations the 
formed in largest amount. 

a. propylene + HBr with free radi¬ 
cal inhibitor 

b. butadiene + Br 2 (I mole) 

c. allyl chloride + HOCI 

d. crotonaldehyde + HI 


structural formulas of those products 

e. benzoquinone + HBr 

f. vinyl chloride + HOCI 

g. isobutylene + H ; 0 + H;S0 4 

h. 2-pentene-4-yne + HCI (I mole) 


2. State MarkovnikofT’s rule and explain it on the basis of electronic forces 
within the molecule. 

3. Tell what is meant by 1,4-addilion. Explain it on the basis of resonance in 
the reactive intermediates. 

4. Show how the following compounds can be prepared in good yield from the 
suggested starting materials. Indicate necessary reagents, catalysts, and condi- 
tions. Use structural formulas for organic compounds. 


a. 3-pentenoic acid from 1,3-buta¬ 
diene 

b. epoxypropane from rj-propyl 
alcohol 

c. 2°*-butyl alcohol from n-butyl 
alcohol 

d. 1,4-dibromo-2-butene from 
butadiene 


e. phenyl isopropyl ether from pro¬ 
pylene and phenol 

f. acetophenone from styrene 

g. acetaldehyde from coke 

h. ethyl 0-methoxybutyrate from 
ethyl crotonate and methanol 

i. I-bromo-2-bulene from 2- 
bromobutane 


5. Write equations for the reactions that occur when the following reagents 
are mixed. Use structural formulas for organic compounds. Indicate essential 
special conditions. 


a. 2-butyne and anhydrous hydro¬ 
gen chloride 


b. methylacctylenc and hydrogen 
cyanide 
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6 . Show how the following compounds can be prepared from acetylene and 
inorganic reagents. Indicate necessary reagents, catalysts, and conditions. Use 
structural formulas for organic compounds. 

a. chloroprene c. acrylic acid 

b. lactic acid d. 1,1,2-trichloroethane 




Halogenation and 
Addition by Free 
Radical Processes 


15-1 THE HOMOLYTIC, OR FREE RADICAL, PROCESS 

We have discussed the two heterolytic, or “ionic" processes, attack by a 
nucleophilic reagent (Chapters 12 and 13) and attack by an electrophilic 
reagent (Chapter 14). It was noted that these reactions involved electron- 
pair donation to the substrate, and electron-pair acceptance from the sub¬ 
strate, respectively. A third process of interest to the organic chemist in¬ 
volves electron pairing-unpairing reactions, of which certain halogenation 
reactions form a relatively simple example. The species involved in such 
reactions which have atoms with one or more unpaired electrons are called 
free radicals , or sometimes radicals (terms now used interchangeably). 

A. Characteristics of Free Radical Reactions 

The evidence for free radicals and their properties are discussed more 
fully in Chapter 26. The present discussion is limited to a delineation of 
those characteristics of free radical halogenation which most typically dis¬ 
tinguish this type of reaction from the electrophilic reactions of halogens. 

The reaction of methane with chlorine is typical. This reaction occurs 
effectively in the gas phase (whereas electrophilic addition of bromine to 
olefins is favored by the presence of Lewis acids in liquid solution). It is 
not promoted by acidic or basic catalysts, but is promoted by light or the 
presence of organic peroxides, such as benzoyl peroxide, which are known 



benzoyl peroxide 


benzoytoxy 

radical 


C 6 H 5 * + COj 


phenyl 

radical 
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to decompose thermally to provide free radicals. The peroxides, called 
initiators , are consumed in the reaction, but many moles of product are 
obtained per mole of initiator used. 

This and other evidence have led to the concept of the chain reaction , in 
which a reactive species, once formed, provides a new reactive species in 
each subsequent step of the reaction. 


15-2 CHLORINATION OF METHANE, A TYPICAL FREE 
RADICAL CHAIN REACTION 

Studies of the reaction between methane and chlorine to give methyl 
chloride and hydrogen chloride have shown that it probably occurs in the 
manner indicated by eqs. (2) to (7). 


(2) Cl 2 4- hi> —* 2 Cl* initiation 

H 

(3) :CI* + H:C:H 

• • • • 

H 

(4) CH 3 * + Cl 2 


(5) 

2 CH 3 • 

— ch 3 ch 3 . 

(6) 

2 Cl* 

+ third body —* Cl 2 

(7) 

ch 3 - 

+ Cl* — CH 3 CI 


:Ci:H + 


CH 3 :Cl: + 


H 

• • 

• C:h 

• • 

H 

Cl* 


chain propagation 


termination 


Initiation of the reaction occurs by light absorption (eq. 2). Each chlo¬ 
rine atom produced can now react with a methane molecule by a radical 
displacement reaction on hydrogen to give a molecule of hydrogen chlo¬ 
ride and displace a methyl radical (eq. 3). The methyl radical, in turn, 
reacts with a chlorine molecule to give a molecule of methyl chloride and a 
chlorine atom (eq. 4). Once such a system is started, it is self-perpetuating 
in principle and could continue by a repetition of (3) and (4) until all of 
the chlorine or methane is exhausted. Such a process is called a chain re¬ 
action, since it occurs by repeated links interlocked with each other by the 
reforming of the necessary reactive intermediates. The chlorine atom con¬ 
sumed in (3) is replaced in (4) and the methyl radical consumed in (4) is 
replaced in (3). The chains are not endless, however, because they are 
terminated when two radicals combine (eq. 5-7). New chains continue to 
be initiated by photolysis of chlorine, at constant temperature, so that a 
steady state situation is soon achieved in which initiation and termination 
reactions occur at equal rates. The average number of molecules of 
methyl chloride produced per quantum of light absorbed is called the 
quantum yield. The value of the quantum yield depends upon the condi- 
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tions of the experiment and is a funetion of the rates of the chain propaga¬ 
tion vs. termination reactions; values as high as 1000 are not uncommon. 

Further chlorination of the methyl chloride and the resulting higher 
chloromethanes occurs by the same kind of free radical attack by chlorine 
atoms. 

Since chlorine atoms can also be produced thermally at convenient 
rates by heating chlorine molecules to temperatures above 300°. the free 
radical chlorination of methane or of other aliphatic hydrocarbons can be 
conducted in the dark at these temperatures. One often uses initiators 
which decompose thermally at lower temperatures, such as benzoyl per¬ 
oxide (eq. 1), to initiate chains by the steps indicated by eqs. (8) and (9). 
This permits chlorinations to be conducted readily at temperatures below 
100° and in the absence of electromagnetic radiation. When the rate of 

(8) Initiator —► 2 Radicals- 

(9) Radical- + Cl 2 —* Radical — Cl + Cl- 

a reaction is increased substantially by a free radical initiator, this is 
prima facie evidence that a free radical chain is involved. 

15-3 POSITIONAL SELECTIVITY OF RADICAL REACTIONS 

Free radicals are formed in homolysis most readily when they are 
stable. One might anticipate a similar effect in radical displacement re¬ 
actions. Such is the case; therefore, chlorine atoms and other free radicals 
show some selectivity in the hydrogens they attack even in completely 
paraffinic systems. Thus, at 300° in the vapor phase, tertiary hydrogens 
are attacked by chlorine atoms about five times as rapidly as primary, and 
secondary hydrogens about three times as rapidly as primary. At lower 
temperatures, the selectivity is greater and it is greater still with less 
reactive radicals such as bromine atoms (Table 15-1). 

TABLE 15-1. Relative Reactivities of Primary. Secondary, and Tertiary Hydrogen Atoms 

to Free Radical Displacements in Alkanes 

Relative Reactivity of: 


Reagent 


2* H 


3'H 


Cl 2 , 300°, gas phase 
Cl 2 , 100’, gas phase 
Cl 2 . 100*. CCI 4 solution 
Cl 2 ,0*. CCI 4 solution 
Br 2 ,60*. gas phase 


3.3 x r 

4.3 x r 

2.0 x r 

4.5 x r 

(I * insignificant) 


4.4 x I* 
7.0 x r 

3.0 x r 
7.0 x r 

30 50 X 2’ 
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The difference in reactivity is associated, at least in part, with the greater 
stability of tertiary radicals over secondary and primary. Such reactivity 
differences caused by stabilizations in the transition states for radical dis¬ 
placements are reflected in the fact that bromination of ethylbenzene 
leads almost exclusively to o!-phenylethyl bromide (eq. 10) and that higher 
temperature chlorination of propylene gives allyl chloride (eq. 11). Such 
reactions proceed through the resonance-stabilized a-phenylethyl radical 
(similar to I) and allyl radical, respectively. 

(10) C 6 H 5 CH 2 CH 3 —* C 6 H 3 CHBrCH 3 

light 

Cl 3 

(11) CHj=CHCH 3 -CHj=CHCH 2 CI 

350* 



benzyl radical volence-bond structures 


ch 2 =ch—CH 2 ’ — *ch 2 —ch=ch 2 ch 2 —ch—ch 2 

allyl radical valence-bond allyl radical 

structures resonance hybrid 

It may be noted that the molecular orbitals for these systems are the 
same as those of the analogous carbonium ions (see Figs. 12-9 and 12-10) 
but contain one more electron in each system. 

Other groups that can conjugate with the odd electron also activate 
«-positions. Thus, ethers react with chlorine atoms to give resonance- 
stabilized radicals (eq. 12) that lead to a-chloroethers (eq. 13). 




H 

It. 1 

(12) 

CH 3 CH 2 OR + ci • — 

CH 3 :C:6:R — 

• • • 

CH 3 :00:R + HCI 

(13) 

CHjCH—OR + Cl 2 — 

CH 3 CH—OR + 

Cl • 



Cl 



Fluorine is not only nonselective, but highly fragmenting in its reactions 
with alkanes. This can be expected from the highly exothermic character 
of the reaction (eq. 14) which provides ample energy for C—C bond 
cleavage (~ 90 kcal./mole). 

(14) R* + F 2 —*■ R — F + F* + llOkcal. 
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15.4 ADDITION TO CARBON-CARBON DOUBLE BONDS 

Free radicals can, as described above, pair their electrons by radical 
displacement or by coordination with another radical. Another reaction 
which provides for electron pairing involves addition to a multiple bond. 
As this reaction leads to a new radical, this can be one step in a chain. 
The generalized chain for such addition reactions is given in eqs. (15) and 
(16) and the overall reaction in eq. (17). 


(15) x- + /C=C^ 


I I 

x—c—c- 


(16) X—c—C • + XY 


X—C—C—Y + X • 


Stoichiometric reaction 

(17) /C=C\ + XY 

Since many olefins add chlorine or bromine very sluggishly in the dark, 
light or radical initiators are often used to promote reaction. For ex¬ 
ample, addition of chlorine to tetrachloroethylene (eq. 18) and the addi¬ 
tion of bromine to cinnamic acid (eq. 19) are light-promoted chain reac¬ 
tions. In some cases, even iodine can be added photochemically. 



(18) CCI 2 =CCI 2 + Cl 2 



CCI 3 —CCIj 


(19) C 6 HjCH=CHC 0 2 H —QHjCHBrCHBrCOjH 

Hydrogen bromide generally gives different products when added to 
olefins under radical conditions (anti-Markovinoff addition) as compared 
with those obtained under ionic (heterolytic) conditions, §14.2B. After 
the radicals are formed by an initiation process, the chain steps in addition 
to propylene could be (20) and (21) or (22) and (23). Step 20 is faster than 

(20) Br- + CH 2 =CHCHj — BrCH 2 —CHCH 3 

(favored secondary radical) 

(21) BrCH 2 —CHCHj + HBr — BrCH 2 —CH 2 CH 3 + Br * 

(22) Br* + CH 2 =CHCH 3 — * CH 2 — CHBrCHj 

(inferior primary radicol) 

(23) ' CH 2 —CHBrCHj + HBr — CH 3 CHBrCH 3 

(22) to form a secondary radical rather than a primary one; thus, n-propyl 
bromide is obtained rather than isopropyl bromide. 
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Ethyl bromide is now made industrially by the addition of hydrogen 
bromide to ethylene using radioactive materials to initiate the chains. 

15.5 ENERGY REQUIREMENTS OF FREE RADICAL CHAINS 

Fast free radical chains are possible only when both steps in the chain 
have very low free energies of activation. Activation energies of reactions 
can be low only if the reactions are exergonic, since a molecule must 
acquire at least the energy of reaction in order to react. This makes the 
selection of addends for free radical addition quite narrow and to some 
extent rather different for different types of olefinic compounds. In the 
absence of data on entropies of reaction. A// can be used as a rough 
approximation for AF. Thus, of the compounds listed in Table 15-2, 
only HBr, H 2 S, HOC1, Cl 2 , and Br 2 have the required negative heats of 
reaction for both the radical + ethylene reaction and the alkyl radical + 
inorganic molecule reaction. Thus, HBr can readily be made to add con¬ 
trary to MarkovnikofTs rule simply by the introduction of a radical 
source such as a peroxide or oxygen, if the ionic reaction is not too fast. 


TABLE 15-2. 'Heats of Reaction of Free Radical Addition Chain Steps (Ethylene), 


kcal./mole at 25°C 


Y—Z 

A// 

Z- + ch 2 =ch 2 

A H 

Z—CH 2 —CH 2 - + Y-Z 

H—NH 2 

-17 

+ 4 

H-OH 

-32 

+ 22 

H —SH 

-16 

- 8 

H—Cl 

-26 

+ 5 

H —Br 

- 5 

-11 

H —1 

4- 7 

-27 

Cl—Cl 

-26 

-19 

Br —Br 

- 5 

-17 

I —1 

+ 7 

-13 

Cl—OH 

-32 

- 17 


From Table 15-3 it appears that some of the compounds that add 
readily to ethylene by free radical chains may add less readily to styrene. 
The heats of reaction for addition of radicals to styrene (Table 15-3) are 
considerably more exothermic than comparable additions to ethylene, 
whereas reactions of the phenylethyl radicals are more endothermic or less 
exothermic than comparable reactions of ethyl radicals. Both factors are 
due to resonance stabilization of the a-phenylethyl free radicals, similar 
to formula I. 
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TABLE 15-3. Heats of Reaction of Free Radical Addition Chain Steps (Styrene), 

kcal./mole at 25*C 



H—SH 

-39 

+ 16.5 

H—Cl 

-49 

+ 26 

H—Br 

-28 

+ 13.5 

H—I 

-16 

- 3.5 

Cl—Cl 

-49 

- 6 

Br—Br 

-28 

0 

I—I 

- 16 

+ 1 


Of the hydrogen halides, only hydrogen bromide gives long-chain radi¬ 
cal processes readily with alkenes. Hydrogen iodide does not add readily 
under radical conditions as the step analogous to (20) has its equilibrium 
to the left, and hydrogen chloride has a very slow step analogous to (21). 
Mercaptans do react readily, however, to give thioethers by radical chains 
(eq. 24). 

(24) RCH=CH 2 + R'SH-—— RCH ? CH ? SR' 

peroxides 

The addition of thioacetic acid to olefins (eq. 25) followed by hydrolysis 
of the thioeslers (eq. 26) is an excellent mercaptan synthesis. 




O 

II 

+ CHjC —SH 


rodicol 

initiation 



cyclohexene thioacetic 

ocid 


cyclohexyl thiolocetofe 



H * 

+ h 2 o 


o 

II 

+ CHjCOH 


cyclohexyl 

mercopton 

Certain polyhalomethanes add readily to olefins by the free radical 

mechanism. Among these are carbon tetrachloride (eq. 27) and bromo- 

trichloromethane (eq. 28). In these reactions, a halogen atom is abstracted 

hy an alkyl radical (eq. 16). The remaining trichloromethyl radical is the 
chain carrier (eq. 15). 

(27) CH 3 CH=CHj + CCI 4 — CHjCHCICH 2 CCI 3 

(28) CHjCH = CHj + CBrCI 3 — CH 3 CHBrCH 7 CCIj 
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15-6 CONJUGATE FREE RADICAL ADDITION 

In a conjugated diene, addition of a radical gives an allylic radical 
(eq. 29). As is the case for allylic carbonium ions, resonance divides the 
radical activity between the two allylic positions to result in 1,2- or 1,4- 
addition products (outline 30). 

(29) CH 2 =CH—CH—CH 2 + X- — [X—CH 2 —CH—CH—CH*]- 

(30) [X—CH 2 CH—CH—CH 2 ]- + XY — 

Y 

X—CH 2 —CH—CH=CH 2 and X—CHj—CH=CHCH 2 Y + X- 

1,2 addition 1 A addition 

Radicals can add to aromatic systems. Even benzene adds chlorine 
atoms to give a mixture of stereoisomeric 1,2,3,4,5,6-hexachlorocyclo- 
hexanes (eq. 31). About 15% of this mixture is the y isomer, which is a 
potent insecticide called lindane. 



lindane azoisobutyronitrile 


Aromatic systems such as anthracene, which can be attacked with 
smaller loss of resonance energy, add even more stable radicals; thus 
anthracene reacts with the fairly stable cyanoisopropyl radicals from azo¬ 
isobutyronitrile to give an addition product, II. 
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QUESTIONS AND PROBLEMS 

1. Evaluate the conclusions of the author in Supplementary Reading 3 in the 
light of the evidence he presents. What are some of the factors which may operate 
to complicate the simple assertions of §15-3 regarding halogenation in alkylarenes? 
Which of these might receive support from the data cited by Dr. Goldwhite 4 5 * * * 9 

2. Illustrate the following concepts by formulas or equations involving real 
compounds other than methane. 

a. free radical d. chain propagation 

b. chain reaction e. chain termination 

c. chain initiation f. heterolytic reaction 

3. Write equations for the reactions that occur to form the majority of products 
from the following mixtures of reagents. 

a. 1,3-pentadiene and hydrogen d. 2-butene and chlorine. 0 

bromide with peroxide e. n-propyl ether and bromine 

b. 1,3-pentadiene and hydrogen f. benzaldehyde and chlorine in 

bromide in the dark with free sunlight 

radical inhibitor g- propane and bromine 

c. 2 -butene and chlorine. 350“ h. isopentane and bromine 

4. Show how the following syntheses can be accomplished in satisfactory yield. 
Use structural formulas for organic compounds. Indicate necessary inorganic 
reagents and special conditions. 

a. butanenitrile from propylene f. 2-phenylethyl mercaptan from 

b. benzylamine from toluene styrene 

c. cyclohexanol from cyclohexane g. a,a'-/>-xylylene diisoevanale 

d. ally I nitrite from propylene from p-xylene 

c. I-phenylethyl sulfide from h. isoamyl alcohol from neopentane 

ethylbenzene 

5. A sample of 0.50 mole of isopentane was treated with 0.51 mole of chlorine 
at 100° in the gas phase. 

a. Write structural formulas for all possible monosubstitution products. 

b. What other side reactions occur? 

c. Calculate the ratio in which the products indicated in (a) would be formed. 

d. If the chlorination were done at 300*. what would be the major product? 

e. Compare the yields of this product under both sets of conditions, assuming 
an equal amount of other side reactions. 
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Substitution 


16-1 NATURE OF ELECTROPHILIC AROMATIC SUBSTITUTION 

The reactions which are to be considered in this chapter include, among 
others, aromatic nitration (eq. 1), halogenation (eq. 2), sulfonation (eq. 3), 
and Friedel-Crafts reactions (eqs. 4 and 5), all of which have important 
industrial and laboratory applications. These reactions involve attack on 
the benzene ring by an electrophilic reagent , which accepts an electron pair 
from the aromatic ring; thus, the latter acts as a nucleophile. Displace¬ 
ments on aromatic rings by nucleophiles, in which the ring acts as an 
electron acceptor, are discussed in Chapter 22. 



hno 3 


h 2 so 4 

-—♦ 



+ 



nitrobenzene 


( 2 ) 



+ ci 2 


f*ci 3 



Cl + HCI 


chlorobenzene 


(3) 



+ SO, <^)-SO,OH 


benzenesulfonk acid 



o 


It appears likely that many, and perhaps all, electrophilic aromatic 
substitutions involve the rate-determining formation of an intermediate 
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TTi* 

TT 2 * 



t i - -TT2 

MO 

energy 

levels 


Fig. 16-1. MO Cloud and MO Formula for Low-Energy ir Orbital of Electro¬ 
philic Aromatic Substitution Intermediate (Sigma Complex). Since this is a four- 
electron system, one more orbital is required. 


sigma complex. Fig. 16-1. which rapidly loses a hydrogen ion to a proton 
acceptor in the environment to give a substituted aromatic compound. 
Indeed, a number of sigma complexes have recently been isolated under 
special conditions. The generalized mechanism, uzing Z as an electro¬ 
phile, is shown in eqs. (6) and (7). 




ligmo complea 


16-2 CORRELATION OF STRUCTURE WITH REACTIVITY 
IN AROMATIC COMPOUNDS 

Since the aromatic compound acts as an electron-pair donor in these 
reactions, we should expect to find a structural correlation between re¬ 
activity in aromatic substitution reactions and reactivity in addition to 
olefins (Chapter 13), where the rate-determining step (eq. 8) represents the 
reaction between an electrophile, say Z + , and the olefin acting as a 
nucleophile. 

Z 
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In each case, one can anticipate that electron-releasing substituents should 
increase reactivity, as such substituents can stabilize the electron-deficient 
intermediate (and therefore the transition state leading to it). Electron- 
withdrawing substituents destabilize the intermediate and the correspond¬ 
ing transition state and thus decrease reactivity. The abilities of groups 
to withdraw- or donate electrons are discussed in §10-2. A few groups ar¬ 
ranged in increasing order of ring activation are listed as follows (the 
effect is discussed in length in §16-4 through §16-4C). 

© 

— NR 3 ; —NQ 2 ; ~SOjY; — COOR; — Bf; —Cl; — CCIj; — H; 
deactivate ring compared with benzene 

— R; —O COR; —NHCOR; —O R; —OH; —NH 2 
activate ring compared with benzene 

Activating substituents make possible the use of weaker reagents or 
lower temperatures, while deactivating groups increase the severity of 
conditions required. When rates of reaction depend on the aromatic 
compound, substituent effects are readily correlated with reactivities. In 
certain cases, rates are independent of the concentration and nature of the 
aromatic substrate. This occurs whenever steps before sigma complex 
formation become rate-determining. In such cases one can measure rela¬ 
tive reactivities by competition experiments. Two aromatic substrates are 
placed together in a reaction mixture with the reagent to determine the 
relative extent of substitution on the two compounds. 

16-3 ELECTROPHILIC REAGENTS 

A. Reagents for Halogenation 

Benzene and other simple aromatic hydrocarbons do not react with 
chlorine or bromine in the dark at reasonable rates in the absence of a 
catalyst, but react readily (eq. 2) in the presence of strong Lewis acids, 
such as aluminum chloride, ferric chloride, or zinc chloride. The reactions 
are often promoted by the addition of iron filings or nails, which in the 
presence of chlorine or bromine give the corresponding ferric halide. The 
Lew is acid coordinates with the halogen (eq. 9) so that the nucleophilic 
displacement on halogen (eq. 10) is rendered less difficult by the extra 
stabilization of the halide ion — Lewis acid bond strength. The reaction is 
completed by a relatively fast proton transfer reaction (eq. 11). 



• • • • 

• • • • 

Cl: 

• • 

(9) 

■ Cl Cl: + 

• • • • 

FeClj 5=* r Cl: Cl 

• • • • 

: Fe: Cl: 

(10) 

<o> * 

— — 

:CI:Cl:FeCI 3 — 

• • • • 

: Cl: 

• • 

V. © X + FeCi; 




v-__/ H 
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(12) rate = k[ArH)(CI 2 )[FeCI 3 ) 

If the mechanism described in eqs. (9) to (11) is correct and if eq. (10) 
represents the rate-determining step, the reaction should have the kinetics 
shown in eq. (12), that is, the reaction, rate should depend on the concen¬ 
tration of the aromatic compound, as well as that of chlorine and ferric 
chloride. If the aromatic compound is very inert, it is possible that an 
alternative mechanism may operate, in which the slow step represented by 
eq. (13), the formation of chlorine cations, followed by the faster step 
(eq. 14) together replace eq. (10). This mechanism predicts kinetics zero 
order in aromatic compound, as given in eq. (15). 


(13) 

Cl 2 + : Cl: Cl: FeCI 3 

• • • • 

— Clf + FeCI 4 


/TT\ 


(14) 

(O) + cl > 

- + Cl, 


O v N 

H 

o 2 n 

(15) 

rate = fc(Cl 2 ) 2 (^ e Cl 3 ) 



On the other hand, very active substrates (i.e., phenols, anilines, and 
their derivatives) require no catalyst. Even so mild an acid catalyst as 
water is sufficient to promote the replacement of all ortho and para 
hydrogen atoms in phenols and arylamines (eqs. 16-17). Acylation of an 
arylamine moderates the activating effect of the amino group enough to 
make stepwise substitution possible (eq. 18). 



N,N-<limethyl*p-toluidine 


2,6-dichk>ro-N,N- 

d i m+th y I -p -to I u id i rw 
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O H 

II I 

CH 3 C—N 


(18) 


O 

li 

ch 3 c 


H 

I 

N 



Br- 


acetanilide 


~C^ Br 


+ 


HBr 


p-bromoacetanilide 
(also some ortho) 


In such cases the aromatic substrate is nucleophilic enough to displace a 
halide ion from a halogen without the help of a Lewis acid. Reactions 
with halogens may be autocatalytic, as the hydrogen halide formed may 
serve as an acid catalyst by hydrogen bonding (eq. 19). 



:CI: Cl: + H:Cl: 


XIXLHXi: 

t • • • • • 


In summary, then, the reagent required for chlorination or bromination 
depends on the reactivity of the aromatic compound involved. 

Aromatic fluorination is not carried out by direct substitution (see 
§24~2B). 

Benzene and other aromatic hydrocarbons are not iodinated by iodine, 
either with or without Lewis acids present. Most iodides are prepared by 
reactions of diazonium salts (§24-1). However, benzene can be iodinated 
with iodine and dilute nitric acid. It seems most likely that iodine is oxi¬ 
dized to iodine cations (eq. 20), which are reactive enough to attack 
benzene rings. 


(20) 9I 2 + 8 HN0 3 — 61 3 + + 2 NO + 6NO a " + 4 H 2 0 


B. Reagents for Nitration 

Concentrated nitric acid, fuming nitric acid, acetyl nitrate, and mixtures 
of nitric acid and sulfuric acid are used as nitrating agents. As might be 
anticipated, the strength of the reagent required decreases with increasing 
activity of the benzene ring. The actual nitrating species in acid solution 
may be nitric acid, the conjugate acid of nitric acid, or nitronium ion 
formed in sulfuric acid by the steps represented in eqs. (21) and (22). 

0 

(21) HO—N0 2 + H 2 S0 4 — H 2 0—N0 2 + HS0 4 " 

conjugate 
acid of 
nitric acid 

© © 

(22) H 2 0—N0 2 — H 2 0 + N0 2 

nitronium ion 


(23) HjO + 


— H 3 0 + + HS0 4 


© 


In 100% sulfuric acid, the formation of nitronium ion :0=N=0: is 
essentially complete, as the water formed (eq. 22) is protonated as in 
eq. (23). In more dilute sulfuric acid (ca. 90%), this is not the case. If the 
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reaction of nitronium ion with aromatic substrate is faster than step (21), 
as in fact it is with toluene (outline 24), the rate of nitration is independent 
of aromatic substrate concentration. The analogous reaction with ethyl 
benzoate (eq. 25) is significantly slower than the rate of formation of 
nitronium ion, whereupon the reaction rate becomes first order in aro¬ 
matic substrate. 



C 2 h s o—c=0 


C. Sulfonoting Agents 

A variety of reagents can function as sulfonating agents. Highly re¬ 
active hydrocarbons, such as mesitylene, are readily substituted by con¬ 
centrated sulfuric acid (eq. 26), while sulfonation of less reactive aromatic 
compounds requires mixtures of sulfur trioxide and 100% sulfuric acid. 
Whether the sulfonating agent is sulfur trioxide (eq. 27), or disulfuric acid, 
formed from sulfur trioxide and sulfuric acid (eq. 28), is not certain. 
Chlorosulfonation is a very useful reaction carried out with excess chloro- 
sulfonic acid (eq. 29). 



diiulfurk acid 
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p-toluenesolfortyl 
chloride 
(also ortho) 


D. Friedel-Crafts and Related Reactions 

The alkylation and acylation of aromatic compounds represent a very 
important class of organic reactions. Traditionally, the reactions involve 
the use of alkyl halides or acyl halides with aluminum chloride as catalyst. 
The detailed study of these reactions by Charles Friedel and James Mason 
Crafts (1874-1891) resulted in the association of their names with both 
types. 

(1) Alkylations. For the alkylation reaction, two paths are possible. 
Both probably involve the formation of a complex between alkyl halide 
and aluminum chloride (eq. 30). This complex may now ionize to a 
carbonium ion and tetrachloroaluminate ion (eq. 31), followed by electro- 


(30) R: Cl: + AICI 3 
philic attack by R * 


• Cl: 

— FMCMAMCM 
• • • • • • 

• CM 


on the aromatic nucleus (eqs. 32 and 33) 


This is 




R: Cl 


AM Cl 


CM 


= r + aici; 


(32) FT + 





equivalent to an S N 1 reaction on the alkyl halide. An alternative mechan¬ 
ism involves a direct displacement on the complex by the aromatic sub¬ 
strate (eq. 34), followed by the step represented in eq. (33). 
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As the carbonium ion process is extensively utilized, rearrangements 
(see §12-2D) often attend Friedel-Crafts alkylations. Thus, treatment of 
benzene with w-propyl bromide and aluminum chloride gives a mixture 
containing some n-propylbenzene, but largely isopropylbenzene (out¬ 
line 35). Such rearrangements severely limit the usefulness of the Friedel- 



CH 3 CH 2 CH 2 Br 


AICI 3 



ch 2 ch 2 ch 3 


and 


n-propylbenzene 



isopropylbenzene cumene 


HBr 


Craft alkylation. Rearrangements are not observed with tertiary halides 
(or with isopropyl), so that these alkylations are satisfactory as are those 
with methyl and ethyl halides. Occasionally, alcohols are used as alkyl¬ 
ating agents with boron trifluoride as catalyst to minimize rearrangements. 

Alkylation of aromatic compounds with olefins is conducted industri¬ 
ally using hydrogen fluoride as catalyst. Thus, ethylbenzene is prepared 
from ethylene (eq. 36), cumene from propylene (eq. 37), and ^/-/-butyl- 
benzene from isobutylene (eq. 38). The additions follow the Markovni- 
kofT rule. The largest use of ethylbenzene is dehydrogenation to styrene 
(§28-11), while cumene is used in high octane gasoline and as an inter¬ 
mediate in phenol synthesis (§7-3B). 


(36) 



ch 2 =ch 2 


HF 



CH 2 CH 3 


ethylbenzene 




fesf-butylbenzeno 


(2) Acylation. Treatment of aromatic hydrocarbons with acid chlorides 
and aluminum chloride gives good yields of aryl ketones (eq. 39). Alumi- 



346 ELECTROPHILIC AROMATIC SUBSTITUTION 


num chloride is stoichiometrically utilized, since the ketonic product 
complexes with aluminum chloride. The intermediate in the reaction is 

6 + 4 + 

the acylium ion, R—C'=0, produced as in eq. (40), which then attacks 
the aromatic ring in the usual fashion. Recently, it has been possible to 



II - 

(40) RC—Cl: 

• • 


+ RCOCI 


+ AICI 3 



“ [RC=op + aici; 


prepare stable acylium salts (eq. 41), which can be used in acylation re¬ 
actions. Acylium ions have little tendency to rearrange so that acylation 
can be carried out with any acyl halide. Thus, rt-butyryl chloride gives 

@© ® © 

(41) RCOCI + Ag SbF fl — RCO SbF* + AgCI(s) 

acylium fluoantimonate 


/i-butyrophenone (eq. 42). As ketones can be reduced by the Clemmenson 
or Wolff-Kishner reductions (see §28-2A and §24-4) to hydrocarbons, this 
sequence provides a useful synthesis of alkylbenzenes. 




CHjCH 2 CH 2 COCI 


AlClj 



COCH 2 CH 2 CH 3 + HCI 


butyrophenone 


With very reactive aromatic substrates, the weaker Lewis acid, zinc 
chloride, may replace aluminum chloride, and the free acid may replace 
the acid chloride. Thus, resorcinol and «-caproic acid (eq. 43) react; the 
product, reduced by the Clemmenson procedure (eq. 44), gives n-hexyl- 
resorcinol, a useful antiseptic. 


(43) 

HO 



OH 


+ CH 3 (CH 2 ) 4 COOH 


ZnCI 2 


resorcinol 


n-caproic acid 



OH 




n-hexylresorcinol 
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However, highly deactivated aromatic rings, such as that in nitro¬ 
benzene, fail to undergo acylation even with aluminum chloride. Even in 
the absence of deactivating substituents only one acyl group is usually 

capable of being placed on a ring. 

Acid anhydrides can be used as well as acid chlorides. Thus, phthalic 
anhydride and benzene give o-benzoylbenzoic acid (eq. 45). 


O 



Ring closures go readily when five- or six-membered rings are formed. 
For these, one may use acid chlorides and aluminum chloride, or acids 
and sulfuric acid or hydrogen fluoride. The formation of anthraquinone 
(eq. 46) is quantitative. 



O 


9.1O-anthraquinone 


E. Azo Coupling Reactions 

Very reactive species, such as phenols and aromatic amines, can 
undergo electrophilic substitution by arenediazonium ions, which are too 
weak to attack other aromatic compounds. This reaction is fundamental 
to the synthesis of azo dyes. Examples are given in eq. (47) and out¬ 
line (48). 



benzenediozonium 

ion 



butler yellow 
(o carcinogen) 
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HO 



F. Nitrosation 

Nitrous acid, prepared in situ from sodium nitrite and dilute mineral 

acid, and esters of nitrous acid, such as amyl nitrite, are weak electrophiles 

which attack only phenols, some aryl ethers, and aromatic tertiary amines 
(eqs. 50 and 51). 

(49) H * + NO,' — HONO 



HONO 



p-nitroiophenol 


HjO 



+ HONO 


O—N 



'-H, 

p-nitroiodim«thylanilin© 


CH 3 

N + H 2 0 


16-4 SUBSTITUENT EFFECTS 

Groups already on an aromatic ring markedly influence the stability 
of the various sigma complexes that may be formed as intermediates. 
Thus, these groups not only direct entering substituents into certain pre¬ 
ferred positions, but also either increase or decrease the rate of the re¬ 
action as a whole. 

A reaction coordinate diagram for aromatic electrophilic substitution 
on benzene is given in Fig. 16-2. This is a typical diagram for a reaction 
in which an intermediate is involved (see §li-3E). The intermediates are 
the sigma complexes discussed in §16-1. The transition state energy 
barrier for this reaction is that labeled TS, in the figure; this assumes 
formation of the intermediate to be rate-determining. 
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TS, 



Reaction Coordinate 

Fig. 16-2. Energy Profile for an Electrophilic Aromatic Displacement 
Reaction. 


As we have noted before, the rate of the reaction depends on the free 
energy of activation, which is the difference between the energy of the 
transition state and the ground state of the reactants. By a consideration 
of the effects of substituents on these two energies, one should be able to 
understand both reactivities in aromatic substitution and the orientation 
rules that result from these reactivities. First of all, one should note that 
the reactivity of benzene is the sum of the reactivities of all of the six 
identical positions (Fig. 16-3). For a monosubstituted benzene, the re¬ 
activities (partial rate factors) of all positions are no longer identical; the 
total rate thus is the sum of twice the rate factor at each ortho position, 
plus twice the rate at each meta position, plus the rate at the para position. 



Fig. 16-3. Distribution of Parlial Rate Factors. (A) Substi¬ 
tution into benzene, (B) Substitution into a monosubstituted 
benzene. 
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The total rate for a monosubstituted benzene may be greater (ring activa¬ 
tion) or less (ring deactivation) than that of benzene. 

If a compound is more reactive than benzene, the weighted value of 
AF* must be less than that for benzene; the converse is also true. It is 
necessary to consider the effect of a substituent on the relative free en¬ 
ergies of the ortho-, meta -, and para-substituted transition states as well 
as its effect on the free energy of the ground state in order to rationalize 
substituent effects on rates and orientation. Having no better choice, we 
shall consider the intermediate sigma complexes to approximate the trans¬ 
ition states. 

The problem divides itself into two parts. The first is the effect of a 
substituent on stability of the ground state (note that the ground state is 
identical for substitution ortho, meta, or para to the substituent) compared 
with benzene, and the second is the effect on the stabilities of the various 
possible intermediates. A substituent which stabilizes one or more of the 
transition states more than it does the ground state increases the reactiv¬ 
ity at that (or those) positions over benzene; one which stabilizes the 
ground state more than the transition states decreases the reactivity at 
such positions. As usual, substituents can affect stability by electrical or 
steric effects or both. 



benzene substituted 

benzene 


ortho 


meta 


sigma intermediates 


para 


Electrical effects are treated in much the same way as in electrophilic 
addition to olefins (see §k4-2B) or as discussed in the chapter on acid 
strengths (see §10-2C-§10-2F) and include inductive and resonance effects. 
Resonance effects always stabilize the ground states of the aromatic com¬ 
pounds, but may have much larger effects on the transition states. Those 
transition states which have the largest stabilization are formed faster. 
Overall rate and orientation consequences follow. In certain cases elec¬ 
trical effects destabilize the transition state. In such cases reaction 
proceeds mainly through those transition states with the least unfavorable 
electrostatics. 

Before considering the effects on transition states, it is useful to consider 
those on ground states. Here the section (§7-3A) on resonance in benzene 
should be reviewed. There we have treated benzene as a system in which 
the ring involves six a bonds and a symmetrical n system containing six 
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electrons in three bonding t orbitals. Now, the effect of locating a substi¬ 
tuent on the ring is to alter the symmetry of both the w and a electron sys¬ 
tems through conjugative and inductive effects. This not only changes 
electron distribution and stability, but also has consequences on dipole 
moments (§9-2C), bond lengths, and other physical properties. We can 
get some idea about the operation of such effects by comparing dipole 
moments in saturated aliphatic molecules with those in aromatic systems. 
In saturated systems, only inductive effects can operate. A comparison of 
these with conjugated systems or aromatic systems gives a measure ol 
conjugative resonance effects. The dipole moment is a vector, the meas¬ 
urement of which (§35-1) gives only its magnitude. It is possible to tell the 

direction of the moment by the additivity principle, however, as we shall 
see. 

Scrutiny of the data in Table 16-1 shows, as anticipated, that molecules 
with complete symmetry have zero dipole moment (e.g., benzene and 
methane). In toluene, however, the dipole moment, n , = 0.4 D.; we do 
not know from these data whether the electrons are shifted toward the 
phenyl ring or away from it. In chlorobenzene we may assume that the 
dipole has its negative end toward chlorine. />-Chlorotoluene would be 



H m 1.9 (found) 


expected to have a dipole moment of 1.2D.(1.6 — 0.4) if the individual 
bond moments were in opposite directions, and one ot 2.0 D. (1.6 + 0.4) 
if they were in the same direction. The value of 1.9D. observed shows that 
phenyl is electron-attracting compared with methyl. This confirms our 
deduction made on the basis of acid strengths (§10-2A). 

The discussion in the previous paragraph shows that, compared with 
benzene, toluene has more ejectron density in the ring, chlorobenzene less. 
Note that this is an experimental fact independent of theoretical argu¬ 
ments. A comparison of methyl chloride and chlorobenzene and of 
methyl bromide and bromobenzene indicates that their dipole moments 
are largely consistent with inductive effect additivities. 

Nitrobenzene and nitromethane, on the other hand, represent systems 
in which strong resonance effects appear. Without resonance effects, one 
would predict that nitrobenzene would have a somewhat smaller dipole 
moment than nitromethane, that is, around 2.6-3.0 D. This is not the 
case, however, as nitrobenzene has the larger dipole moment. This is 
ordinarily explained by assuming the following valence bond structures 



TABLE 16-1. Dipole Moments of Some Derivatives of Methane and of Benzene. 
Compound #t, D.“ Compound p, D. 

CH 4 0.0 CHjNH 2 1.2 



'Debye units, c s.u.-cm. x 10 18 . sec §9-2C. 
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in nitrobenzene, which makes the charge separation greater than in nitro- 
methane, where the only important canonical structures are I and II. 


© 

O 





I 



Conjugation in nitrobenzene requires the nitrogen and oxygen atoms to be 
coplanar with the ring as the ring-nitrogen bond has double-bond char¬ 
acter. If this is made impossible by placing methyl groups in ortho posi¬ 
tions, thus twisting the nitro group out of the plane of the ring, the dipole 
moment is decreased. Compare nitrodurene, only 3.4 D., and nitro¬ 
benzene, 4.0 D. This is termed steric inhibition of resonance (see Fig. 16-4). 
Note also that the ring is electron-deficient in nitrobenzene compared w ith 
benzene. 

Methyl ether and anisole have dipole moments of equal size, and one 
might guess (incorrectly) that the direction is similar. 

The value for methyl ether is the resultant of two methyl-oxygen bond 
moments, which one may calculate using vector analysis. Oxygen is at the 
negative end of each bond dipole and thus at the negative end of the 




Fig. 16-4. Stcric Inhibition of Resonance. (A) Conjugation of nitro group with 
ring in nitrobenzene, (B) Prevention of conjugation in nitrodurene by interference 
between ortho methyl groups and oxygen atoms. Twisting of nitro group out of 
ring plane prevents n orbital overlap. 
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molecular dipole. The opposite direction of the dipole in anisole is shown 
by the value for p-bromoanisole, p = 2.3 D. Only if the dipole involves 
electron donation from the oxygen to the ring can this be correct (§35-2A). 



methyl ether (structures contributing to anisole hybrid) 


Data on amines and aniline derivatives correspond with those of oxygen 
derivatives in that these groups donate electrons to the ring, and that the 
ring is electron-rich compared with benzene. Comparison of the data on 
anilines, dimethylanilines, and durene derivatives (Table 16-1) gives addi¬ 
tional evidence for steric inhibition of resonance. 

Those groups that furnish electrons to the ring correspond closely with 
those that activate the ring toward electrophilic substitution (§16-4). 
Similarly, ring-deactivating groups correspond closely with those that 
withdraw electrons from the ring. That this should be the case is perhaps 
obvious, as in the transition state for electrophilic displacement, the ring is 
depleted of an electron pair. Some relative reactivities are given in 
Table 16-2. 

A. Orientation of the Entering Groups 

While one can show by a consideration of resonance structures that 
positions ortho and para to many groups have an excess or deficiency of n 

TABLE 16-2. Relative Reactivities of Aromatic Compounds Toward Nitration. Partial 

Rate Ratios at Various Positions (Corrected For Number of Positions) 


Compound 

r 0 

'C.H. 

r m 

r C.H. 

r r 

''C.H. 

r Total 

Benzene 

1 

1 

1 

6 

Toluene 

42 

2.5 

58 

147 

3°-Butylbenzene 

5.5 

4.0 

75 

94 

Chlorobenzene 

0.03 

0.00 

0.14 

0.20 

Bromobenzene 

0.037 

0.00 

0.106 

0.18 

lodobenzene 

0.22 

0.002 

0.63 

1.08 

Nitrobenzene 

3 x 10- 6 

4 x 10~ 5 

3 x 10- 7 

8.6 x 10" 5 

Chloromethylbenzene 
(Benzyl chloride) 

0.20 

0.14 

0.95 

1.63 

Phenol 

1.7 x 10 s 

© 

X 

V 

5 x 10 5 

8.4 x 10 5 

Acetanilide 

3 x 10 3 

'b 

X 

V 

O 

X 

r- 

13 x 10 3 

Benzoic acid 

0.0019 

0.0081 

0.00026 

0.020 

F.thyl benzoate 

0.0026 

0.0079 

0.0009 

0.022 
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electron density compared with benzene, remember that this relates only 
to ground state structures and stabilities and that the ground state is 
identical for substitution at ortho , meta, or para positions. The transition 
states for attack at different positions may, however, differ significantly; 
it is there that we must seek rationalizations for observed results. 

Let us first consider, as an example of a meta directing group, the 
resonance structures of the intermediates resulting from addition of Z 
at the ortho , meta, and para positions on nitrobenzene and compare these 
with that for benzene. 

Addition to benzene: 


© 



hybrid valence-bond representation 


Addition to nitrobenzene: 
ortho 



hybrid 


valence-bond representation 


meta 





Z H 

valence-bond representation 


X 

Z H 


f 'T© 

© 
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Note that the hybrid structure for benzene has one positive charge, while 
those for nitrobenzene have not only a similar positive ring charge but 
also a positive charge on the nitrogen atom attached to the ring. From 
simple electrostatics it is clear that all of the intermediates (and the cor¬ 
responding transition states) will then be less stable than that for benzene. 
As nitrobenzene has more resonance energy than benzene, the free energy 
of activation for substitution in any position of nitrobenzene is consider¬ 
ably greater than that for benzene. If we now consider the valence-bond 
structures III and IV, we see that these are very high-energy structures 
(two positive charges are on adjacent atoms, with high electrostatic repul¬ 
sion). These structures are assumed to make little contribution to the 
hybrids. The meta intermediate has no structures with similar charges on 
adjacent atoms; therefore, its transition state is the most stable. Thus, 
meta-substitution is preferred over ortho and para. This argument is 
summarized in the energy diagrams in Fig. 16-5. 

Similar results will obtain whenever there is a positive charge on the 
atom attached to the ring. The positive charge may be a formal charge, as 
in — NH 3 \ — NR 3 + , —N0 2 , —S0 2 0H, —S0 2 0R, —S0 2 R, or one that 

is present because of bond dipoles, as in —C—H, —C—R, —C—OH, 

—C—OR, — C=N, — CCI 3 , and — CF 3 . 

Next let us consider, as an example of an ortho-para directing group, 
the methoxy group of anisole. Again, as described above, anisole is highly 



Fig. 16-5. Free Energy Diagrams For Electrophilic Substitution into 
Benzene and Nitrobenzene. 




SUBSTITUENT EFFECTS 357 


resonance-stabilized in the ground state, so that we must look into the 
transition states for the explanation of its high reactivity and its ortho-para 
orientation. The appropriate canonical structures follow. 

Addition to benzene: 



hybrid vaUnce-bofld representation 


Addition to anisoie: 
ortho 



hybrid 



valence-bond representation 


meta 




valence-bond representation 



para 


CH 3 



© i 

Z^H 


hybrid 





ch 3 


Z H 
VI 

volence-bond representation 


£ 


© 


H 
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One sees that all of the hybrid structures for substitution on anisole are 
stabilized with respect to that for benzene when one recalls that dipole 
moment data teach that oxygen donates electrons to the ring even when 
no charge is present. This donation is increased when an attractive posi¬ 
tive charge is present; therefore the substitution rate is increased at all 
positions relative to benzene. However, one notes that for ortho and para 
substitution intermediates, but not for meta, there is an additional reso¬ 
nance structure, labeled V (for ortho) and VI (for para). These are 
especially stable, as each atom has an octet of electrons. The delocaliza¬ 
tion energies for these hybrids are, therefore, substantially higher, and the 
A F x values substantially lower , than the corresponding values for the 
meta. Hence, ortho and para attacks occur significantly faster than meta 
attack. This argument is summarized in the energy diagram in Fig. 16-6. 



Reaction Coordinates 

Pig. 16-6. Free Energy Diagrams for Electrophilic Substitution into 
Benzene and Anisole. 

Similar results will obtain whenever the atom or group attached to the 
ring donates unshared or t r electrons readily. Such groups include O:", 

—NH 2 , — NR 2 , —0:R, —Q:H. —OCOR, —NHCOR, —Ar, 
—CH=CH 2 . 

We have already noted that alkyl groups can stabilize positive centers 
on adjacent atoms markedly in our discussions of carbonium ion chemis¬ 
try (compare relative stabilities of (CH 3 ) 3 C + and CH 3 + ), so that alkyl 
substituents (methyl, ethyl, etc.) fall in the group of ortho-para directors 
and ring activators as well. 

There remains one apparent anomaly—the situation of the halo- 
benzenes. All of these compounds react less rapidly than benzene, but in 
positions ortho and para to the halogen atom, rather than meta. The 
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situation is clarified by recognition that dipole-moment measurements 
indicate that the halogens withdraw electrons from the ring. This means 
that the transition states for substitution in all positions have the positive 
charge due to addition of Z* as well as that due to the electron withdrawal 
by halogen. This situation creates less stable transition states than that for 
benzene. In addition, involvement of the halogen atoms in resonance sta¬ 
bilizes the ground states in respect to benzene. However, consideration of 
resonance structures for ortho and para attack reveals a situation similar 
to the anisole case. Thus, the ortho substitution intermediate has the 
resonance structure VII, and the para intermediate the resonance struc¬ 
ture VIII. No corresponding resonance structure can be written for 
the meta intermediate, as overlap across meta positions is too weak for 
bonding. Hence the ortho and para intermediates have greater resonance 
stabilization and their transition states are lower in energy. This argument 


is summarized in Fig. 16-7. 





VII 


VIII 


(mefo bond too weok 
to contribute to resonance) 


Anilinium salts generally exist in equilibrium with the free amine, which 
is so much more reactive than the salt that all reaction may occur through 
the amine even when it accounts for a very small amount of the total 
material present. However, in some mixtures, for example, concentrated 
nitric and concentrated sulfuric acids, the acid is strong enough to elimi¬ 
nate substantially all of the free amine. Then the salt reacts and meta 
substitution results. The amino group is so readily oxidized by dilute 
nitric acid that nitration cannot usually be carried out successfully under 
these conditions. 


B. Steric Factors in Orientation-, the Ortho/Para Ratio 

In ortho-para directing systems, para substitution generally occurs to a 
much greater extent than the statistical expectation, which is § ortho and 
i para. A large share of this discrepancy is believed to be due to a steric 
effect, as the transition state for ortho substitution may involve serious 
steric interaction between the entering Z* group and any group ortho to it. 
This steric interaction is destabilizing, hence decreases the rate of ortho 
substitution. This effect increases as the size of the Z group and the size of 
the group already present increase. Thus, for nitration (with NO> ). the 
per cent of ortho isomer in the ortho/para mixture decreases from 61 to 48, 
32 and 18%, respectively, as one goes down the series CTH* CH,. 
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Fig. 16-7. Free Energy Diagram for Electrophilic Substitution into 
Benzene and Chlorobenzene. 


C 6 H 5 —CHjCH,, C 6 H 5 —CH(CHj) 2 and C 6 H 5 —C(CH 3 ) 3 . (The ortho!para 
ratio may be influenced to some degree by electrical forces as well.) 


C. Orientation with Several Groups Present 

When two or more groups are already present on a ring, the principles 
described above still apply. When both groups direct to the same position 
or positions and the groups are both rate-enhancing, the groups are addi¬ 
tive in their efTects in increasing rates; when both are deactivating, the rate 
is decreased by the additive effects of both groups. For this reason, nitra¬ 
tions beyond the second stage in aromatic substrates without activating 
groups is impracticable. If one group is activating and another deacti¬ 
vating, the reactivity lies between that of the two monosubstituted com¬ 
pounds. 

When two groups have opposing directive influences, the group which 
activates the ring more always has the greater effect; the one which deacti¬ 
vates it more has the lesser effect. 

Steric factors become very important when two groups are meia to each 
other. The position between them is highly hindered, hence less likely to 
react than other activated positions in the molecule. Some examples of 
preferred orientation follow. 
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D. Reversibility in Aromatic Substitution 

Some of the reactions described in this chapter, particularly sulfona- 
tion and nitration at high acid strengths, and Friedel-Crafts alkylations, 
are reversible. The reverse substitutions proceed through the same transi¬ 
tion states and intermediates as the forward reaction but in reverse order, 
with the result that the group is replaced by hydrogen. The equilibrium 
position, when attained, depends upon the conditions of the experiment. 
Thus, treatment of benzene with cold disulfuric acid gives benzenesulfonic 
acid; treatment of benzenesulfonic acid with 50% sulfuric acid at 150 
regenerates benzene. The intermediate for both reactions is probably IX. 
The outcome of the reaction depends on the concentration of w ater in the 
system (eq. 52). 



A further consequence of reversibility arises when reactions are con¬ 
ducted for long enough periods of time or at high enough temperatures to 
establish equilibrium. The orientation rules predict the result of kinetic 



Reaction Coordinates 

Fig. 16-8. Energy Diagrams for Methylation of Toluene. (A) Principal final 
Products (after equilibrium is established). (B) Reactants, (C) Principal initial 
products. Reaction goes faster to C. through the lower A/ - , but eventually 
favors A, where -AF is greater (in absolute value). 
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control , that is, the result when a reaction occurs under essentially ir¬ 
reversible conditions in which reaction rates govern the ratio of products 
formed. Under reversible conditions, that is, equilibrium or thermo¬ 
dynamic control, the product composition may be quite different. In fact, 
Friedel-Crafts alkylations often give mefa-disubstituted hydrocarbons as 
the principal product for this reason. A transition-state diagram illus¬ 
trating such a situation is given in Fig. 16-8. 


16-5 REPRESENTATIVE REACTIONS 


A. Hologenation 

Toluene can be chlorinated either on the ring or on the methyl group 
depending on whether a carrier or light is used to activate the halogen. 
The methyl group directs the chlorine atom to the ortho and para posi¬ 
tions during ring substitution. 

Naphthalene is brominated mainly on the alpha position, due to rela¬ 
tive stabilities of the a and £ transition states. See the sigma complex 
valence bond structures below. The complex for a-attack has an addi¬ 
tional Kekule canonical structure, which means a greater delocalization 
of electrons stabilizes the a-complex more than the ^-complex. 

alpha attack: 



a-Bromonaphthalene can be prepared in 72-75% yield. 
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Anthracene is halogenated at the 9 position. The second halogen goes 
into the 10 position. No catalyst is required. Reactivity of anthracene is 
always greatest at the meso (9 and 10) positions. This can be understoo 
from a consideration of resonance energies. 




Br 


9.10-dibromoonthracenc 


B. Nitration 

Nitration of arenes is much easier than nitration of alkanes and is car 
ried out with success in either laboratory or industrial plant. The prepara¬ 
tion of nitrobenzene is a classic example. 


(55) c 6 h 6 + hno 3 H?SO< r c 6 h 5 no 2 + H 2 o 

(cone.) 

(76% yield) 

More active hydrocarbons, such as mesitylene, can be nitrated usi g 
glacial acetic acid instead of sulfuric acid as catalyst. 


( 56 ) C 6 Hj(CH 3 ) 3 + HNOj CH 3 COOH c 6 H 2 (CH 3 ) 3 N0 2 + h 2 o 

mesitylene < 75% ** ld) 

Nitration of nitrobenzene is difficult, and of dinitrobenzene imprac¬ 
ticable. However, a methyl group activates the aromatic ring sufficiently 
to make three-stage nitration of toluene commercially feasi e. e 
suiting TNT is an important high explosive. 


C. Sulfonation 

All arenes can be sulfonated; however, the reaction is not as simple an 
direct as might appear. Sulfonation is a reversible reaction; hence. e 
main product of sulfonation often varies with conditions. 

SOjH 

SO,H 


+ h 2 so 4 






and 



tr-nophthalenesulfomc 

acid 


d-nophthalenewltomc 

acid 
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Sulfonation of naphthalene at 80% under which conditions the position 
of substitution is determined by kinetic control, gives mainly a-naph- 
thalenesulfonic acid. However, at 160° under conditions where the reac¬ 
tion is thermodynamically controlled, the ratio of monosulfonation prod¬ 
ucts is 15% alpha to 85% beta. In the a-isomer the sulfo group has 
compressional strain against the peri (8) hydrogen atom. This is not found 
in the 0-isomer, which is, therefore, more stable. 

Chlorosulfonic acid is used to prepare arenesulfonyl halides directly 
from the hydrocarbons. 

D. Typical Reactions Demonstrating Orienting Effects 

Substitution in aromatic compounds is one of the most thoroughly 
investigated areas of organic chemistry. From the host of available exam¬ 
ples only a few can be included here. For somewhat more extensive treat¬ 
ment of the subject, any of the supplementary readings listed at the end of 
this chapter may be consulted. 

In the following outlines of selected reactions, the directing effects are 
seen to be in agreement with predictions made earlier, including the 
greater than statistical ratio of para to ortho substitution with ^-direct¬ 
ing groups in the ring. The percentages given are product ratios, not 
yields. 





and 41% CH 
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no 2 o 2 n 



Electron withdrawal by the three chlorine atoms makes the trichloro- 
methyl group a /wefa-directing group (outline 66). Benzyl chloride and 
benzal chloride are intermediate between toluene and benzotrichloride in 
behavior. 
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Outline (67) illustrates the effect of steric hindrance tending to block 
the nitro group from entering between the methyl group and the chlorine 


atom. 

Advantage is taken of the somewhat diminished reactivity in acylated 
derivatives of amines to decrease polysubstitution. Acylation also pre¬ 
vents oxidation of the nitrogen atom and salt formation with consequent 
meta substitution. This use of acylation to decrease side reactions of 
amines during substitution is called protection of the amino group. The 
difference in behavior between the aryl amine and the aryl amide is illus¬ 
trated by the results of bromination of aniline and acetanilide. In spite of 
the fact that the reaction between aniline and bromine water is hetero¬ 
geneous (immiscible layers), the amine is tribrominated. Homogeneous 
reaction with acetanilide in glacial acetic acid serves to brominate only 
one position when the amount of bromine added is controlled. The use¬ 
fulness of acylation to modify the activating effect of the amino group de¬ 
pends on the ready removal of the acetyl group after substitution when the 
free substituted amine is desired. 



ocetanilide 


p-bromoocetonilide 


Surprisingly, unprotected aromatic amines can be sulfonated by heating 
their sulfate salts. This, however, involves the intermediacy of the aryl 
sulfamic acid and is a typical nitrogen-to -para rearrangement observed on 
treatment of A-substituted anilines with acid (§25-4B( 1)). 


(71) 

n) V- nh 3 * hso 4 

onilinium bisuHote 


/ 



N-phenyUulfomic 


nhsOjOh e oso 7 —NH3 


© 


sulfanilic ocid 
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E. Reimer-Tiemann Reaction 

When sodium phenoxide is treated with chloroform and a base, salicyl- 
aldehyde results (eq. 72). This reaction involves the formation of di- 
chlorocarbene (eqs. 73 and 74), electrophilic attack on the phenoxide ion 


(72) 

or 

+ CHClj + 3 OH" 

- or. - 

^ CHO 

+ 2 H,0 

(73) 

CHCI, + 

OH~ — :CCI 3 " + 

H,0 


(74) 

•CCI 3 — 

:cci, + cr 




by dichlorocarbene, followed by rearrangements and hydrolysis (eqs. 75 
and 76). This is called the Reimer-Tiemann reaction. 



16-6 SIDE REACTIONS 

In all substitution reactions in substituted arenes, isomer formation is a 
factor. Although orientation effects dictate the major products obtained, 
they seldom forbid other orientations completely. Thus, mixtures of iso¬ 
mers are obtained which require separation. In the absence of strong 
intramolecular chelation, para-disubstituted isomers almost invariably 
have the highest melting points and lowest solubilities and are generally 
most readily purified. 

Polysubstitution is also quite possible, especially with activating groups. 
This is especially true in halogenations. The nitro group and sulfo group 
so decrease the reactivity of an aryl radical that this is not as detrimental 
to yields of mononitro or monosulfo compounds as polyhalogenation is to 
yields of monohalo compounds. 

The similarity between sulfonic acids and sulfuric acid is responsible for 
another kind of side reaction in sulfonations. The sulfonic acid is also a 
sulfonating agent and can react with the hydrocarbon to form sulfones. 

< 77 ) ArS0 3 H + ArH — Ar— SO, —Ar + H,0 

diaryl sulfone 
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A surprising type of side reaction occurs in the sulfonation of polyalkyl- 
benzenes, such as durenc, which have four or more alkyl groups. Some of 
the methyl groups in this hydrocarbon migrate on the same molecule, and 
some even change molecules. This type of reaction has come to be recog¬ 
nized as “normal” for such hydrocarbons and has been called the Jacob¬ 
sen rearrangement (see §25-4A). 
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QUESTIONS AND PROBLEMS 

1. Write a discussion of the sulfonation reaction. Bring out the following 
points: the nature of sulfonating agents, why they are effective, conditions ef¬ 
fective for sulfonation, and side reactions to be expected. 

2. Write a discussion of the nitration of benzene. Include the type of material 
suggested in Question 1. 

3. Write a discussion of the halogenation of benzene. Include the type of mate¬ 
rial suggested in Question 1. 
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4. Why does dilute nitric acid not serve as an effective nitrating agent’ 

5. What are the roles of sulfuric acid in nitration of aromatic compounds ’ 

6. What is the role of iron or aluminum in the halogenation of aromatic com¬ 
pounds? Why is a carrier necessary for most hydrocarbons? 

7. Write structural formulas or equations which illustrate the following con¬ 
cepts. 

a. w^/a-directing group c. protection of amino group 

b. ortho, nara-directing group 

8. Show how, starting with benzene, one should proceed to synthesize the fol¬ 
lowing compounds. Use structural formulas. 

a. /)-bromobenzenesulfonyl d. m-chlorobenzenesulfonic acid 

chloride e. /?-bromonitrobenzene 

b. m-bromobenzenesulfonyl f. w-bromonitrobenzene 

chloride g. /r-bromoaniline 

c. />-chlorobenzenesuIfonic acid h. sulfanilic acid 

9. Show how the following compounds can be prepared in good yield from the 
indicated starting materials. Use structural formulas. 

a. 2-aminotoluene-5-sulfonic acid c. /7-naphthol from naphthalene 

from o-toluidine d. w-chlorobenzotrichloride from 

b. a-naphthol from naphthalene toluene 

• 

10. Draw the structural diagram for each of the following compounds. Indicate 
with arrows pointing to the positions in the diagrams where an electrophilic 
reagent would be likely to attack. State whether the compound would be more or 
less reactive than benzene. 

a. aniline f. acetophenone 

b. anilinium chloride g. benzoic acid 

c. phenol h. acetanilide 

d. sodium phenoxide i. anisole 

e. benzaldchyde j. ethylbenzene 

11. Show how the following compounds can be prepared from suitable hydro¬ 
carbons. Use structural formulas for organic compounds and indicate reagents 
and essential conditions. 

a. benzyl alcohol e. 1,3-dinitro-2.5-dimethylbenzene 

b. 1-chloro-l-phenylethanc f. 2,4-dinitrochlorobenzcnc 

c. TNT g. /?-chlorophcnol 

d. />-chloro-o-bromotoluene h. sodium /Moluenesulfonate 

12. Write the structural formula for the main organic product which would be 
obtained in each of the following reactions. 

a. nitration of toluene (I mole of b. bromination of acetanilide 
each reagent) (I mole of each reagent) 
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c. nitration of acetanilide (1 mole e. chlorination of nitrobenzene 

of each reagent). f. sulfonation of acetanilide 

d. bromination of toluene with iron g. treatment of phenol with excess 
catalyst (1 mole each of toluene bromine water 

and bromine) 

13. Explain why one of the reactions in Question 12 proceeds to give the prod¬ 
uct you have indicated. 

14. Suggest an explanation for the orienting effect of the silicon atom as shown 
by the reaction below. Bear in mind that silicon is less electronegative than carbon 
and that the silicon atom can utilize 3d orbitals in pi bond formation with con¬ 
jugated double bonds. 

Cl Cl 

CO , 3 - fc^ sicl > + 4HC ' 

Cl Cl 

15. Write a discussion of side reactions which may be important in the prepara¬ 
tion of the following compounds by substitution. Tell what side reactions can 
occur, giving formulas for typical by-products, and point out how these can be 
avoided or minimized if possible. 

a. a-naphthalencsulfonicacid c. n-butylbenzene 

b. p-bromotoluene d. p-bromoacetanilide 

16. Write equations for any reactions that occur in the following mixtures of 
reagents. Indicate essential conditions. Use structural formulas for organic com¬ 
pounds. 

a. anthracene + benzoyl chloride f- dimethylaniline + sodium ni- 

b. benzene + bromine tr ' lc + hydrochloric acid 

c. benzene + phosphorus tri- £• mesitylene + sulfuric acid 

chloride h. toluene + phosphoric acid 

d. benzene + nitric acid «■ benzene + hydrogen chloride 

e. benzene + chlorosulfonic acid j- naphthalene + iodine 

17. Write equations for the following reactions. Use structural formulas for the 
main products and organic reactants. 

a. sulfonation of benzene e. nitric acid and acetic anhydride 

b. sulfonation of p-xylene f. nitric acid and concentrated sul- 

c. naphthalene and chlorosulfonic furicacid 

acid. g nitration of durene 

d. biphenyl and chlorosulfonic acid h. nitration of anthracene (in acetic 

(para position) anhydride; the normal reaction) 





Nucleophilic Additions 
and Displacements at 
Unsaturated Atoms 


I. Additions and Displacements in Acid 
Derivatives: Solvolysis 


17-1 NUCLEOPHILIC DISPLACEMENT REACTIONS. ADDITION- 
ELIMINATION MECHANISM 

In Chapter 12 it was shown that two principal mechanisms govern 
nucleophilic displacements at saturated carbon atoms. In direct displace¬ 
ment (eq. 1), the entrance of the nucleophile is concerted with the de¬ 



parture of the leaving group. The carbonium ion process invokes the 
separation of the leaving group first (eq. 2) and then the entrance ol the 
nucleophile (eq. 3). 

(2) r: X — r* + x - 

(3) R + + Y:" — R: Y 

A third mechanistic possibility involves the entrance ol the nucleophile 
before separation of the leaving group (eq. 4), followed later by loss ol the 
displaceable group (eq. 5). Such a process has an intermediate (a lov. 
point in a reaction coordinate-energy diagram) formed in the first step, 
w hich in some cases can be isolated or readily detected. Such inter- 

(4) y:~ + a— x -* (Y—A—X)' 

(5) (Y — A—X)- -* Y—A + :x' 
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mediates cannot be involved in displacements on saturated (tetrahedral) 
carbon atoms, where there are insufficient stable atomic orbitals available 
to accommodate the five groups that would be present around the carbon 
atom, but are usually involved in displacements on unsaturated atoms 
(such as trigonal or linear carbon atoms) or atoms in higher rows of the 
periodic table (e.g., silicon, phosphorus) where orbitals are available to 
permit bonding to more atoms than are bonded in the initial substrate. 

Most such reactions may be further generalized as in eqs. (6) and (7). 



In principle, Y may be any nucleophile, and A and B any of a variety of 
atoms or groups. In the intermediate (and therefore in the transition state 
leading to it), electrons accumulate on atom B of the electrophilic A=B 
system. Thus, reactions of this type go well when the A=B bond is 
readily polarizable in such a fashion that the B atom willingly accepts the 
extra electron pair (or has a means to delocalize it), and goes poorly or not 
at all when such is not the case. Examples of favorable XAB systems are 


as follows: 



R 

I i 

x — c=o 

o 

II 

z 

1 

1 

X 

X 

1 

V) - 

II 

o 

acid chlorides. 

alkyl nitrites. 

sulfonyl halides, 

anhydrides, esters. 

mtrosyl halides, etc. 

sulfinyl halides, alkyl 

amides, etc. 


sulfmates, etc. 

, 

R 

1 1 1 

1 1 

X—C—N— 

x—c«=c--c=o 

N 

o 

Z 

u 

II 

u 

X 

immo halides. 

.r.tf-unsoturated aldehydes. 

nitro olefins 

imme esters etc. 

1 

ketones, esters, etc. 

j | 

F 

1 l 

x -c=c— so 2 r 

X—C“C— C35N 

/ 

X- C =C 

a,/i-uniaturated sulfones 

u,tf-unsaturated nitriles 

X 

/r~\_ / r4^_ 

F 

n,«-difluoroolefins 

x- 

~\i ' -A=B <Y )}-A= 

B 

• 

or 

tho and poro-substituted or polysubstituted 
nitrocryl halides, nitroaryl ethers, etc. 
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As protonalion of the B atom (or coordination with a Lewis acid) leads 
to stabilization of the electron pair on B, reactions of this sort are often 
subject to acid catalysis. Basic catalysis is also often observed, as for 
example, when the solvent is HY: and base produces :Y: _ , which is a 
better nucleophile than HY 


17-2 ESTER INTERCHANGE AS A TYPICAL NUCLEOPHILIC 
DISPLACEMENT 

When an ester, such as methyl acetate, is treated with an alcohol, such 
as ethanol, the alkyl groups interchange, in this case to form ethyl acetate 
(eq. 9). The reaction, called ester interchange or iransesterijuation , is 
reversible, with the position of equilibrium dependent upon the relative 
concentrations of the two alcohols. These reactions do not proceed at 
useful rates in the absence of catalysts, even at reflux temperatures, but 
go when small amounts of strong acid (e.g., hydrochloric, sulfuric, 

o o 

(8) RC—OR' + R"—OH , H RC—OR" + R —OH 

OR” 

O O 

(9) CH 3 C— OCH 3 + C 2 HjOH ^ H ° f * CH 3 C—OC 2 H s + CH 3 OH 

OR 

/Moluenesulfonic acids) or of strong base (potassium or sodium alkoxide) 
are added. There is convincing evidence that the base-catalyzed reactions 
proceed by the path shown in eqs. (10), (11), and (12) (Fig. 17-1), while 



Fig. 17-1. Energy Diagram lor Base-Promoted Transesteritication. 
Slight changes in relative levels ol the reagents, intermediate, and prod¬ 
ucts generalize this energy system for any such process. 
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Reaction Coordinate 

Fig. 17-2. Energy Diagram for Acid-Catalyzed Transesterification. Slight 
changes in relative levels of reagents, the various intermediates, and products 
generalize this energy system for any such process. 


that involving acid catalysis proceeds as shown in eqs. (13) to (17) 
(Fig. 17-2). 




(10) ch 3 c— och 3 + ch 3 ch 2 o ” — ch 3 ch 2 o— c— och 3 


ch 3 


(11) ch 3 ch 2 o c och 3 — ch 3 c — och 2 ch 3 + ch 3 o 

ch 3 


(12) ch 3 o ~ + ch 3 ch 2 oh ~ ch 3 ch 2 o ” + ch 3 oh 


4* 

OH 


4 + /•' 

(13) CH 3 C OCH 3 + H' ^ CH 3 — c ’ 

X* 


(U) ch 3 c 


i* 

OH 


+ ch 3 ch 2 oh 


och 3 

4 + 


H OH 

I® I 

ch 3 ch 2 o— c- och 3 


och 3 

i-* 


I 

CH 
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H OH 
| 

OH H 

1 1 

05) 

CHjCHjO—C—OCH 3 
© 

— ch 3 ch 2 o— c— och 3 

1 ® 


ch 3 

ch 3 

(16) 

OH H 

ch 3 ch 2 o —c — och 3 

1 ® 
ch 3 

i + 

4+x .°H 

— CH 3 C *' + CH 3 OH 

OC 2 Hj 

*♦ 

(17) 

*+ 

CH,C % 

o 

II 

CH 3 C—OC 2 H s + H + 


oc iH! 



Note that in both the acid- and base-catalyzed reactions, displacement 
has occurred between the acyl group and the alkoxy group, that is, with 
acyl-oxygen cleavage (eq. 18). 



O 

II 

RC—O—R' + R"OH 


O 

II 

RC—OR'' + R'OH 


^ acyl-oxygen cleavage 


Transesterification is used industrially in the formation of fatty acid 
esters and glycerol from fats (eq. 19) and in the formation of the polyester. 



RCOO—CH 2 

R'COO—CH 

R"COO-CH 2 
RCOOCHj + 


ch 3 o~ 

+ 3 CH 3 OH ---► 

R'COOCHj + R"COOCH 3 


+ 


HOCH 2 CH(OH)CHjOH 


glycerol 

used as a fiber or a film (Dacron and Mylar), from ethylene glycol and 
dimethyl terephthalate (eq. 20). 



nHOCHjCHjOH + n CH 3 OC—COCHj 

o o 

•»hyt«ne glycol methyl lerephtholote 



polyethylene glycol 
terephtholote 


2n CH 3 OH(g) 


distilled off 
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17-3 SOLVOLYSIS OF ACID DERIVATIVES AND ACIDS 

Transesterifications are typical of a wide variety of solvolysis reactions 
involving carboxylic acids and their functional derivatives. Since the re¬ 
agent and product alcohols and the reagent and product esters in the 
above examples are. in general, of the same orders of reactivities, there is 
little internal driving force to bring these equilibria to completion in 
either direction. However, with different types of nucleophiles and differ¬ 
ent types of acid derivatives involved, this may not necessarily follow. 

In the equilibrium shown in eq. (21), the position of equilibrium has a 

? ? 

(21) RC-Y: + HZ: =* RC-Z: + HY: 

complicated dependence upon the nature of both Y and Z. The reaction 
will proceed, in the absence of mass law effects, to give the more stable 
products. In general, the equilibrium is shifted in the desired direction by 
adjustment of reagent concentrations or by removal of products (distilla¬ 
tion, precipitation, further chemical reaction). 

A. Acid-Catalyzed Formation and Hydrolysis of Esters 

When mixtures of alcohols and carboxylic acids are heated in the 
presence of strong acids, esters are formed (eq. 22). When esters and 
water are treated similarly, the esters are hydrolyzed (reverse of eq. 22). 

° O 

II „♦ || 

(22) RC —OH + R'OH RCOR' + H,0 

The equilibrium represented in eq. (22) can be displaced to the right by 
using a large excess of one of the reagents, carboxylic acid or alcohol, 
and/or by removing one or both of the products. 

When the ester of a common, inexpensive alcohol is desired, esterifica¬ 
tion can be made nearly complete by the use of a large excess of the al¬ 
cohol as solvent. This procedure is effective for the preparation of methyl 
diphenylacetate (eq. 23) in quantitative yield. 


(23) 



+ CH 3 OH 


CH 3 OH solv ent 
~~HCI 


Q 

CH—C—OCH, + H,0 

/II * £ 


diphenylocetic acid 


methyl diphenylacetate 
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In many cases, esterification can be driven to completion, even where 
the equilibrium is unfavorable, by continuous removal of water. Azeo¬ 
tropic distillation with benzene or toluene and the use of a w ater separator 
(Fig. 17-3) drives the esterification to completion. Even phenols can be 
esterified by this method. 

Hydrolysis of an ester can be driven to completion either by providing 
a large excess of water or by removing the acid as it forms w ith a base. 
When a strong base is used, the hydroxide ion is the reagent, not molecu¬ 
lar water (eq. 24). 

(24) R—c—OR' + OH' —R—c—O' + R'OH 

o o 

The steps in esterification (eqs. 25-29) are precisely analogous to those 
of ester interchange. The forward reactions relate to esterification and the 
reverse to hydrolysis. There is, again, first a protonation, then attack by 



Fig. 17-3. Apparatus with Stripper for Con¬ 
tinuous Water Removal. 
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(25) CH 3 C—OH + H + — CH 3 C^* 


OH 


OH 


© 


(26) CH 3 C^ 


OH 


OH 


OH 


© 


© + CH 3 OH — CH 3 0—c—OH 


H CH 3 


OH OH 

© I I © 

(27) CH 3 0—C—OH ^ CH 3 0—C-OH 


H CH 3 


ch 3 H 


(28) 


OH 

ch 3 o—c- 


ch 3 


© 

OH 

i 

h 


X 

ch 3 c^ 


OH 


OCH 


© + h 2 o 


(29) CH 3 C^' 

\ 


OH 


OCH 


3 j 


‘ ® — CH 3 C — OCH 3 + H + 


nucleophile, proton transfer, loss of leaving group, and finally deprotona¬ 
tion with regenation of the acid catalyst. This mechanism is consistent 
with each of the following facts: 

(a) Esterification is first order in carboxylic acid, first order in alcohol, 
and first order in strong acid. 

(b) Hydrolysis is first order in ester, first order in water, and first order 
in acid. 

(c) W hen an optically active alcohol is used, the ester is formed with 
retention of configuration; similarly, when the active ester is hydrolyzed, 
the alcohol retains its configuration. 

(d) W hen an alcohol labeled with heavy oxygen is used, the labeled 
oxygen ends in the ester and not in the water; when this ester is hydro- 
ly/ed, it goes into the alcohol and not the acid. 

Facts (c) and (d) show clearly that acyl-oxygen cleavage occurs (eq. 30) 
and that the alkyl-oxygen bond is not affected in normal esterification and 
hydrolysis. 

a# 


o o 

(30) CH 3 C-OH + R ,8 OH - CH 3 C — 18 OR + H 2 0 

B. Alkaline Hydrolysis of Esters. Saponification 

A very common method of hydrolysis of esters involves basic reagents 
such as sodium or potassium hydroxide and results in the formation of 
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alcohols and the salts of carboxylic acids. The mechanism is clear (eqs. 
31-33). 

O O e OH 

II I n I 

(31) RC—OR' + O* H ” = HO*—C—OR' — °0* — C—OR — 

I I 

R R 

I II 

O* 

II 

RC—OR' + OH - 

0° O 

(32) HO*—C—OR' — HO* CR + R'O" 

R 


O 

(33) HO* CR + RO“ 




+ R'OH 


This mechanism is consistent with the following facts: 

(a) The reaction is first order in ester and first order in hydroxide ion. 

(b) The alcohol is formed with retention of configuration. 

(c) When hydrolysis is conducted with l8 0-labeled water, the l8 0 label 
does not appear in the alcohol product, but does appear in the acid. 

(d) When the hydrolysis is conducted part way. ,8 0 appears in the 
unhydrolyzed ester. 

The latter fact is incontrovertible evidence that intermediates such as 
I and II are involved. 


C. Reactions of Acid Chlorides and Anhydrides 

Reactions of acid chlorides and anhydrides with water, alcohols, and 
amines, as well as with other nucleophiles, all fit the same general pattern. 


(34) 

RCCI 

II 

O 

+ 

h 2 o — 

(35) 

RCCI 

II 

o 

+ 

R’OH — 

(36) 

RCCI 

II 

o 

+ 

2 NH 3 — 

(37) 

RCCI 

+ 

R'NHj + 


O 




RCOH + HCI 

II 

O 

RCOR' + HCI 

II 

O 


o 


RCNHR' + Cl 

II 

O 


+ H 2 O 
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(38) 

RCOCR 

II II 

O 0 

+ 

h 2 o — 

2 RCOH 

II 

0 



(39) 

RCOCR 

II II 

o o 

+ 

R'OH — 

RCOR' + 

O 

RCOH 

II 

O 


(40) 

RCOCR 

II II 

o o 

+ 

2 NH 3 -* 

RCNH 2 + 

II 

o 

RCO"NH/ 

o 


(41) 

RCOCR 

II II 
o o 

+ 

R'NH 2 + 

OH" — 

RCNHR' + 

II 

O 

RCO 

II 

o 


+ h 2 o 


These acid derivatives are more reactive than carboxylic acids or esters 
because of the greater attraction of the nucleophile to the electrophilic 
carbon atom when the electron-attracting group or atom is attached (III, 
IV). 

O O O 


II 




RC—Cl 

4+ 4- 


RC—O—CR 

4+ 4- 


III 


IV 


The products are so stable by comparison with the reagents that these 
reactions are, in practice, irreversible. 


D. Amide Formation and Hydrolysis 

The formation of amides from ammonia or from primary and second¬ 
ary amines and acid halides, anhydrides, or esters proceeds via the gen¬ 
eral mechanism for nucleophilic displacements, as do their hydrolyses. As 
ammonia is a better nucleophile than water, a solution of an ester in 
aqueous ammonia standing at room temperature for a few days will form 
the corresponding amide (eq. 42). 

O O 

/ 0 H II 

(42) CH 3 C— OC 2 H 5 + NH 3 — CH 3 C—NH 2 + CH 3 CH 2 OH 
ethyl acetate acetamide 


Heating of salts of amines and carboxylic acids at temperatures of 
100-250° also results in amide formation (eq. 43). This latter process 

(43) CHjCOO'NH/ — ---» CHjCONHj + H 2 0 

© A 

(44) RCOO" NH 3 —R' -► RCONHR' + H 2 0 

undoubtedly involves the transformations indicated in eqs. (45) and (46), 

(45) RCOO • + RNH 3 + — RCOOH + RNH 2 

(46) RCOOH + RNH 2 — RCONH 2 + H 2 0 
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where the reaction indicated in eq. (46) may be catalyzed by certain Lewis 
acids. The formation of nylon 66 from hexamethylenediamine and adipic 


(47) n HOCO(CHj) 4 COOH + n H ? N — (CH 2 ) 6 — NH 2 


adipic acid 


hexamethylenediamine 





o o 

II II 

C (CH 2 ) 4 —C — NH(CH 2 ) 6 —NH-f 

nylon 66 


+ n H 2 0 


acid (eq. 47) or of nylon 610 from hexamethylenediamine and sebacic acid 
(eq. 48) represent important industrial applications of these reactions 


(48) n H0C0(CH 2 ) 8 C0 2 H + 9 H 2 N(CH 2 ) 6 NH 2 

sebocic acid 


250* 


O O 1 

II II 

C—(CH,) 8 —c — NH(CHj) 6 — + nHjO 

nylon 610 


(§46-5B). The molecular weights of these polyamides can be controlled by 
the amount of water distilled out. 

Amide-exchange reactions are sometimes used in synthesis. Here again, 
either the amine radical or the acyl radical or both can be exchanged 
(eqs. 49, 50, and 51). These reactions are standard synthetic procedures. 


(49) R—c—NH, + R'NH/Cr ^ R C NHR' + NH/C 

solvent 


(50) 




2RC—OH + H,N—C —NH, ^=± 2 RC— NH 2 + H 2 0 + C0 2 

A ii ii 

o o o 


(5t) RC —NH 2 + R'C — NHR" RC — NHR 

II II H 


+ R'C —NH 2 

II 

o 


Amide formation from acyfhalides and anhydrides is of value in identi¬ 
fication of an acid or its halide, as well as a route to many synthetic 
intermediates of value. To avoid the necessity of using 2 moles of amine, 
sodium hydroxide or pyridine can be used to neutralize the hydrogen 
chloride evolved (eq. 52). The use of sodium hydroxide is the Schouen- 
Baumann procedure. Hippunc acid is prepared in 68° 0 yield by this 
method. 
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O 

benzoyl chloride 


C — NH — CHo 

ii 

o 

hippurote ion 


N—CH 2 —C—O' + OH“ 

ii 

o 

glycinote 

ion 


c—o + cr + h 2 o 
o 



« 


Like amides, hydrazides and hydroxamic acids are readily prepared 
from esters. Benzhydrazide is obtained in 80° o yield from ethyl benzoate. 
Potassium benzenecarbohydroxamate is obtained in 56-60% yield, and 

(53) 



C ? H 


5 


o 


+ 


h 2 n— nh 2 


ethyl benzoote 


hydrazine 



+ 


C 2 H 5 OH 


benzhydrazide 


benzenecarbohydroxamic acid in 43-46% overall yield from ethyl ben¬ 
zoate. 


(54) 



C —O—C ? Hj + NHjOH + K* 
O 

hydroxylomine 


OH 


K* (s) + C 2 H 5 OH + H 2 0 

\ — !_/ || 

O 

potassium 

benzenecarbohydroxamote 





+ CHj—C —OH 

II 

O 



C —NHOH + CH 3 —C 

A # 

o o 


—o 


benzenecorbohydroxamic 

acid 


The formation of a 
chloride can be used 


hydroxamic acid from an ester, anhydride, or acyl 
as a qualitative test for these acid derivatives. In 
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this case, base is not used, and the product is treated with ferric chloride, 
which gives red or purple complexes with hydroxamic acids. 


(56) CH 3 COjC,H 5 + NH 3 OH + — CH 3 CONHOH + C 2 H 5 OH 


ethyl acetate 


hydroxyl- 

ammonium 

salt 


(57) 3 CH 3 CONHOH + Fe 3 * — 


acetohydroxomic 

acid 




E. Abnormal Solvolysis Mechanisms 

In normal solvolysis, the reaction involves the formation of a tetra¬ 
hedral carbon atom from a trigonal atom. This means that there is more 

crowding in the transition state than in the reactants; hence, such reac* 

• 

tions are subject to steric hindrance. Indeed, derivatives of trialkylacetic 
acids and o,o'-disubstituted benzoic acids are quite unreactive. Even the 
acyl halides react very sluggishly. 

R 

^^>-COOH R—C=0 — R — C=0^ 

R 

0,0 -disubstitured ocylium ion 

benzoic acid 


R—C—COOH 


triolkylocetic 

acid 


Solvolyses involving these acyl groups therefore utilize another mechan¬ 
ism for which these compounds are especially reactive. The compound is 
dissolved in 100“,, sulfuric acid, which converts the acid or ester to an 
acylium ion (eqs. 58 and 59). This solution is then poured rapidly onto ice 
(for hydrolysis) or into an alcohol (for esterification) (eqs. 60 and 61). The 
formation of the acylium ion is promoted in “hindered” acids and their 
derivatives because steric strains are reduced by formation of the linear 
acylium ions. (See the energy diagram. Fig. 17-4.) 

O o 

(58) RC—OR + H 2 S0 4 — RC—Sr + HS0 4 

H 

O 

II © ® © 

(59) *C—OR + H 2 S0 4 — RC —O + ROH ? + HS0 4 

H 
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Fig. 17-4. Energy Diagram 
in relative levels of reagents, 
system for any such process. 


for Abnormal Transcsterification. Slight changes 
intermediates, and products generalize this energy 


© 


(60) R—c=o + R'OH —* 


© 

RC—OR’ 


O 

II 

(61) RC — 


© 

OR' 

I 

H 


H 


+ R"oh « rco 2 r" 


© 

R'OH ? 


steric effects are also observed with respect to the nucleophile. Thus 
simple primary alcohols are esterified more rapidly than secondary Ter- 

arThiuhU h d' 7r" y t0 esterif >' via these Procedures, as they 

c alvfedl h m esterlfica,i0n - b “> are very sensitive to acid 

catalyzed carbomum ion reactions. 

alU| e cm e ,m aniSmS diSCUSSe ? thUS far inVOlve acyl-oxygen cleavage. When 
alkyl groups are present that give very stable carbonium ions, alkyl- 

with methanT T' ° bieTVed Thus '"/-butyl benzoate, on treatment 

acid T .her7 ' “ aC ' d - giVeS ' er '- but y' Cher and benzoic 

aud, rather than /er/-butyl alcohol and methyl benzoate, the products of 
normal solvolysis (eq. 62). 
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ferf-butyl benzoote 


benzoic acid methyl ferf-butyl ether 


This involves the reaction path shown in eqs. (63) to (65). 




+ (CHjhC' 


(65) (CH 3 ) 3 C + + CH 3 OH — (CH 3 ) 3 COCH 3 + H + 

The hydrolysis of sulfonate esters, as described in Chapter 12. as well 
as other nucleophilic displacement reactions of these compounds, also in¬ 
volve alkyl-oxygen cleavage and are therefore examples of nucleophilic 
displacements on saturated carbon atoms rather than on unsaturated 
sulfur atoms (eq. 66). Sulhnate esters (eq. 67) react with retention of con¬ 
figuration and are like carboxylic esters; nitrite esters react similarly 
(eq. 68). 




(66) Y: 


A 

+ R —OSO ? Ar 


YR 


© 

OSOj Ar 


(67) Y: + ArS-Q)R 


ArS—Y 


OR 


(68) Y: 


A 

+ 0 = N — OR 



Y— N —O 


OR 


P- Cyclization Reactions. Lactones and Lactams 

Whenever cyclization forms five- or six-membered rings, the products 
are unusually stable and easily formed. Cyclization within a molecule 
requires the nucleophilic group to have the 7 or 6 position to the carbonyl 
group. Thus, 7- and 6-hydroxy acids and 7- and 6-amino acids cyclize 
very readily. The inner esters are called lactones, the inner amides. 
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lactams. Formation of lactones or lactams is brought about by gentle 
heating, presence of even mild dehydrating agents such as acetic an¬ 
hydride, or mild acid catalysis (eqs. 69 and 70). 


CHj—CH 


(69) R—CH—CH 2 —CH 2 —C—OH 

I II 

OH O 


dehydration 


CH C=0 

7 -lactone 


H,0 


(70) R—CH — CHj—CH 2 —C—OH 


dehydration 


NH 


ch 2 —CH 2 

R—CH C=0 + HjO 

I 

H 

7 -lactam 


Cyclization between two molecules readily occurs when the solvolytic 
group occupies the a-position. a-Hydroxy acids form lactides (eq. 71) 
and a-amino acids form diketopiperazines (eq. 72). 



O 

R—CH—C—OH 

I 

OH 

+ 



OH 

HO—C—CH—R 

II 

O 



o 


\ 


o Iodide 


2 H 2 0 


O 

II 

(72) R—CH—C—OH 

I 

nh 2 

+ 

nh 2 

ho— c —CH—R 

II 

o 



o diketopiperazine 


2 H 2 0 


Cyclization reactions are so much more likely to occur than ordinary 
solvolysis that attempts at acylation of y- or 6-substituted acids usually 
produce the cyclic products rather than the anticipated acylations; com¬ 
pare eqs. (73) and (74). 
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R—CH(CH 2 ) 3 C—OH + CHj—C —O—C —CH 3 — 

I II II II 

OH O O O 

CHj 

CHf ^CH 2 

R-CH^ ^C=0 + 2CH 3 —C—OH 

o ll 


o 



R—C—Cl + 

II 

o 


R'—CH 


© 


NH 


C — O 0 

II 

O 


R —C —NH —CH —C—OH + HCI 


R* 


Cyclic anhydrides are also more easily formed and less reactive than 
open-chain anhydrides. Simply heating the dicarboxylic acid often forms 
the anhydride when a five- or six-membered ring is formed. Maleic an¬ 
hydride is produced in 90° 0 yield by azetropic distillation of the water 
evolved with tetrachloroethane (eq. 75). When more direct methods fail, 
treatment of dicarboxylic acid with thionyl chloride generally brings 


(75) CH-^C —OH 


CH — C—OH 


CH 


O 

II 

C 


chci 2 chci 2 


CH—C 


\ 

/ 


o 


h 2 o 


maleic acid maleic anhydride 

about cyclic anhydride formation. Rings larger and smaller than five and 
six atoms are not so readily formed. Thus, with adipic acid, a polymeric 
anhydride is formed. 

In unsaturated systems and in many cyclic systems, fixation of carbox>l 
groups in trans positions prevents anhydride formation. The difficult) 
with which fumaric acid forms maleic anhydride is a classical example. 

Cyclic imides arc also readily prepared. Phthalimide is obtained in a 
yield of 97% by heating phthalic anhydride with aqueous ammonia until 
the water is driven off. 


l7 ‘ 4 SIDE REACTIONS 

With the proper choice of conditions and a favorable equilibrium point, 
yields from solvolysis reactions of monofunclional compounds are gen¬ 
erally excellent. Side reactions such as those between alcohols and hydro¬ 
gen chloride or alcohols and sulfuric acid are so much slower than esteri¬ 
fication or alcoholysis of amides as to be insignificant, provided steric 
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hindrance is absent and provided alkyl fragments that yield very stable 
carbonium ions are not involved. Esters of tertiary alcohols commonly 
react abnormally. 

In some procedures water is introduced with the reagent, as in the use 
of aqueous ammonia or hydrizine hydrate. Hydrolysis in such instances 
becomes troublesome only when the reaction mixture is allowed to stand 
much longer than necessary, since the nitrogen bases are much more 
reactive than water. 

Polyfunctional compounds can provide serious problems. Competition 
between different nucleophilic centers or different carbonyl groups, trans- 
esterifications, dehydrations, cyclizations, and addition to multiple bonds 
may occur. 

In addition to the cyclizations mentioned in the preceding section, some 
other tendencies which may lead to products other than those expected 
should be mentioned. /5-Hydroxy, amino, and mercapto acids which have 
a-hydrogen atoms have a strong inclination to eliminate water, ammonia, 
and hydrogen sulfide, respectively, to form 2-alkenoic acids (eq. 76). 

(76) RCH—CH 2 COOH — RCH = CHC0 2 H + H z O 
OH 


17.5 SOLVOLYSIS IN SULFONIC ACID DERIVATIVES 

Some of the reactions of sulfonic acid derivatives bear formal resem¬ 
blances to the reactions of carboxylic acid derivatives. The kind of un¬ 
saturation involved in the two cases differs, however; in the carboxylic 
acid derivatives, this was seen to break the n orbital of a carbon-hetero¬ 
atom multiple bond in the addition step, ($17-1 and §17-2). Addition to 
the sulfur atom in a sulfonyl chloride, for example, probably involves 

instead the expansion of the sulfur valence sphere w ith the utilization of 
d AO's (eq. 77). 


Such reactions can be used to prepare sulfonamides, as shown, from 
ammonia, primary amines, or secondary amines. They can also be uti¬ 
lized to prepare esters of sulfonic acids. 

Sulfonamide formation from amines is utilized in a scheme for dis¬ 
tinguishing primary, secondary, and tertiary amines, first used by and 
named after O. Hinsberg (1890). It may be recalled that the sulfonyl 
group has a strongly acidifying effect on the hydroxy group ($10-2G). 
The same factor causes sulfonamides w ith hydrogen on the nitrogen atom 
to be about as acidic as phenols. Thus, the sulfonamides of primary 
amines form sodium or potassium salts soluble in water or aqueous 
ethanol. Sulfonamides of secondary amines, which have no hydrocen on 
the amide nitrogen atom, do not form salts, hence do not dissolved Ter- 
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p-toluenesulfonyl 

chloride 


+ CH 3 CH 2 CH 2 NHj 


o-propylomme 



o e ®nh 2 ch 2 ch 2 ch 3 


intermediate complex 
involving d orbitols on sulfur 


CH 


3 _/ -— so 2 nhch 2 ch 2 ch 3 


N-n-propylp-toluenesulfonom.de 


Cl 


H* 


(protonates 
excess omine 
or added base) 

tiary amines, which have no N-H bond, do not form sulfonamides and 
are recovered under the conditions of the Hinsberg test.^ 

(78) QHjSOjCI + RNH 2 + 2 OH - 


c 6 h 5 so 2 nr 



benzenesul- 
fonyl chloride 

primory 

amine 

excess 

alkali 

(soluble in H 2 0 
oi H 2 0 4 C 2 HjOH) 


+ cr + 

2H 2 0 



(79) 

c 6 h 5 so 2 nr 

4- H 3 0 + - 

- C 6 H 5 SO ? NHR 

(insoluble) 

4- H 2 0 

o 

CO 

c 6 h 5 so 2 ci 

+ r 2 nh 

secondary 

amine 

4- OH' ^ 

C 6 HjS 0 2 NR 2 + Cl + H 2 0 

(insoluble) 


Since the sulfonyl halide also reacts with the alkali present, an excess 
must be used, and the excess must be destroyed by the alkali before the 

test results can be interpreted. 

(81) C 6 HjS0 2 CI + 2 OH" — 


c 6 h 4 so 3 - 

soluble in 
both basic and 

^ ml, atl AO 


Cl 


H,0 
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QUESTIONS AND PROBLEMS 


1. Define or illustrate the following terms. 

a. solvolysis d. lactide 

b. solvolytic agent e. lactam 

c. lactone 


2. (A) Write the equations for the equilibria (actual or hypothetical) relating 
the following pairs of compounds. Use structural formulas. (B) Write an arrow 
over the equilibrium sign to indicate the direction in which equilibrium is normally 
more complete (20°, equivalent quantities of reagents, only those reagents present 
which are directly involved in the equilibrium). (C) Show how the reactions 
might be made to go to completion in the direction opposite to the normal, if this 
is possible. If not, write “irreversible.” 


a. ethyl acetate “ acetamide 

b. acetanilide ~ acetic anhydride 

c. anhydride + hydrazine = 
maleic hydrazide 

d. urea + ethyl malonate — 

e. propionic acid + hydrogen 
chloride — 

f. isobutyryI chloride — 
isobutyranilide 


g. phthalicacid = phthalic 
anhydride 

h. benzamide — benzoic acid 

i. methyl salicylate ;= salicylic 
acid 

j. S-valerolactam ^ 6-amino* 
valeric acid 


3. Write equations for the preparation of the following compounds from the 
suitable acids or acid derivatives indicated and such other reagents as are needed. 
Use structural formulas and indicate essential conditions. State how each reaction 
can be driven virtually to completion. 


a. //-amyl n-caprate from acid and 
alcohol 

b. pivalanilide from acid and amine 

c. phenylacetic acid from nitrile 


d. #-naphthoamide from acid and 
urea 

e. pyruvonitrile from acetic acid 


4. W rite equations for those of the following reactions that can be driven es¬ 
sentially to completion. Use structural formulas and indicate conditions necessary 
to favor the reaction. 


a. ethanoic acid and ethanol 

b. butanoic acid and /Moluidine 

c. //-amyl propionate and water 

d. benzamide and sodium hydrox¬ 
ide 

d. //-valeric acid and hydrogen 
chloride 

f. acetanilide and ethanol 


g. succinic anhydride and ammonia 

h. ethyl 4-chlorobutanoate and am¬ 
monia 

i. a-butyrolactide and water 

j. methyl benzoate and hydrazine 

k. methylaniline, benzenesulfonyl 
chloride, and dilute sodium hy¬ 
droxide 
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l methylammonium chloride, p- m. d.methylaniline, ^ bro ™ be "‘ 
toluenesulfonyl chloride, and zenesulfonyl chloride, and dilute 

excess dilute sodium hydroxide sodium hydroxide 

5. Outline a satisfactory method of preparing p-bromoaniline from benzene 

involving a protected amino group. , 

6 . Show how the following syntheses can be performed in acceptdlale > . 

Indicate reagents and essential conditions. Use structural formulas for organic 

compounds. 

a. lactide from propylene 

b. cyclohexylamine from cyclohex- 
anecarboxylic acid 

7. Write equations for the reactions that occur between propionic acid and 
it-hexylamine at 25* and at 140V Draw the energy diagrams for the two' P™ c « s ' s 
(noting that a proton transfer is a single-step process). Explain the difference 

products at the different temperatures. 


c. 


parabanic acid, or oxalylurea. 
from oxalic acid, ethanol, and 
phosgene 




Nucleophilic Additions 
and Displacements at 
Unsaturated Atoms 


II. Reactions of Aldehydes, Ketones, 
and Nitriles 


18-1 GENERAL MECHANISMS FOR NUCLEOPHILIC ADDITION 

The reaction type considered in this chapter is that characteristic of 
functional groups such as carbonyl, C=0, and nitrile, —C=N, which 
have a multiple bond between a carbon atom and another atom with 
greater electron affinity. Such bonds are significantly different from most 
carbon-carbon bonds, being polarized in the ground state, I, such that the 
carbon atom has a partial positive charge and the heteroatom has a par¬ 
tial negative charge. The bond is also highly polarizable, so that attack on 

a nucleophile gives a transition state, II, in which the nega¬ 
tive charge is located on an atom of high electron affinity. 

L alence-bond structures and hybrid structure of a polar unsaturated bond: 

\ © © \ 4 + l .~ 

C=A: > C—A: C—A: 

/ / 

I 

Transition state for attack of >'' on C=A : 


6 * I 5- 

Y-.-C-A 


The addition of a molecule, HZ. to a polar multiple bond, ^C=A is 
represented in eq. (I). Mechanistically, one may assume that the first step 


392 
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(1) HZ: + 


\ 


/ 


. i 

C=A ^ Z—c —A—H 


in the uncatalyzed reaction involves attack by the nucleophile, HZ. on the 
carbon atom, as in eq. (2), to give the dipolar molecule. III. followed b\ 


(2) HZ: + 


/ 


© 

C = A — H — Z—C — 


© 

A 


I 


III 

proton transfers, represented by eq. (3). to give the product. One might 

© I © I 

(3) H—Z—C —A — Z— C — A — H 

I I 

anticipate that acid- and base-catalyzed mechanisms would be readily 
available to such a system. This in fact is the case. The acid-catalyzed 
reaction may be formulated as in eqs. (4), (5), and (6) vshile the base- 
catalyzed reaction is given in eqs. (7), (8), and (9). The situation is pre¬ 


(4) 

> 

=A 

+ H + - >^A- 

-H 

(5) 

HZ 

+ 

AH 

© i 

— HZ—C 

1 

— AH 


® 

1 


! 


(6) 

HZ- 

-c- 

1 

-AH — Z 

— C —AH 

1 

+ H 

(7) 

H:Z 

+ 

B: ” — 

Z:~ + B 

:H 

(8) 

l'~ 

+ 

< 

II 

u 

/ 

1 

— z—c— 

A" 





1 


(9) 

Z— 

c—. 

A' + BH 

1 

5=* z—C 

— AH 



1 

1 



cisely analogous to those already discussed in the previous chapter 
(§17-3A and § 17-3B). Acid catalysis is effective in making the unsaturated 
compound more reactive and base catalysis by increasing the strength of 

the nucleophile. 

A. Reversibility of Reactions and Stabilities of Adducts 

One should note that the formation of addition complexes is reversible. 
The position of equilibrium varies with conditions and, as might be antici¬ 
pated, depends markedly on the nature of HZ and of the unsaturated 
compound. In many cases, the addition products are quite unstable and 
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appear only as intermediates in reaction sequences. Included among 
chemical species that are only rarely stable enough to isolate are gem- 
diols (eq. 10), gem-halohydrins (eq. 11), gem-hydroxythiols (eqs. 12 

_ -1 1 T \ _ L ! . 1. ^ 1 A \ a Un/ltiAviin m Ar / onr 1 ^ o 1 O n H 


hemiacetals (eq. 

17). 


(10) 

R x /OH 

R / X OH 

R \ 

- / C 
R 

—0 

(11) 

R\ /0 H 

r/ x ci 

R x 

=o 

(12) 

\/ OH 

h 2 o 

R \ 

r 

r/ x sh 


v- 

r/ 


X 

°x 

/ 

cm 

h 2 s t 

R x 

c 

( l J) 



/- 


C=S + H,0 


R SH 

( U) /C 

R SH 


\ 

/ 


C=S + H,S 


R\ / OH 

(15) / c \ 

R NH 2 R 
© 


R \ / OH 

( 1 6 ) 

R NHR 


H,0 


H 


\ 


C=0 + RNH 3 + 


rnh 2 


\ 

/ 


C=NR + H 2 0 


R OH 

(,7 > / c v 

R OR' 


\ 

/ 


C=0 + R'OH 


QUESTIONS AND PROBLEMS 


1. List the classes of compounds studied in Unit I! which contain functional 
groups of the type R—C—y. 

3 

2. In any reaction involving a functional group of the type R—C—y what are 

b 

possible first steps? Explain on the basis of forces in the molecule. 
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3. Point out the atom most likely to be attacked by a nucleophile in each of the 
following compounds. Write the formula for the first intermediate in the reaction 

of each compound with ammonia. 

a. acetaldehyde e. ketene. CH 2 =C =0 

b. benzoyl chloride f. ethyl acetoacetate. ethyl 3-keto- 

c. methyl ethyl ketone butanoate 

d. butyronitrile 

4. Write the structural formulas of the products to be expected *hen the fol¬ 
lowing structures are initially formed. If the structure is already stable, w.ite it 

and the word “stable.” 


a. CH 3 CHj 

V 

/\ 

HO OH 

b. C 6 H 5 OH 

X 

HO OH 

c. HO—C —OH 


CH 2 — CH, Cl 

/ y 

h. CH> C x 

CHj —CH 2 O —CH 3 

i. CHj—CH —SH 


j. CHj—CH = CH — OH 

k. CHj—CH = C — o —CjH — CHj 

CHj CHj 


d. CHj— CHj— CH — OH I. C 6 Hj —CH —NH—CHj —CH 


e. CHj—CH j—CH—C l 

Cl 

f. C 6 H s OH 

C 

C 6 / o—CHj—CH j 

g. CjHj <D— CjHj 

C 

Cjh{ X 0 — CjHj 


OH 

m. CHj ^NH — OH 
CH^OH 

n. C 6 H 5 ^NH — NHj 

Ch/\)H 

O. CjHj —CH—OH 


nh—nh—C 6 H s 


5. Write equations showing what probably would be formed from the folio* ing 
unstable intermediates. 


a. CH 3 ^OH 

C. CHj CHj OH 

/ 

C 

CHj c 

/ \ 


X 

u 

1 

o* 

X 

u 

O 

X 

CHj —CHj NH 

Cl 

(in acidic solution) 

1 



b. ' ( r-C-CHj 

X-r^J I 


SH 
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d. 


4 


ch 2 - 


ch 2 - 


ch 2 oh 

V 

/\ 

ch 2 nh 2 


(in neutral solution) 

e. CH 3 Cl 

\ / 

c 

/ \ 

Cl OH 

f. CH,—CH—CH—SH 


CH 3 OH 

(in water) 

g. CH 3 —CH —CH —SH 


CH 3 OH 

n liquid hydrogen sulfide) 


h. 

i. CH, NH —NH 2 

\ / 

C 

/ \ 

HO O—CH 2 —CH 3 

j. CH, NH 2 

\ ' 

c 

/ v 

hO b— ch 3 



18-2 ADDITION PRODUCTS OF ALDEHYDES, KETONES, 

AND NITRILES 

Certain substances form stable adducts at carbon-heteroatom multiple 
bonds. It is with such formation of stable addition products that this sec¬ 
tion is concerned. 

A. Addends 

Water, ammonia, alcohols, hydrogen cyanide, and sodium bisulfite add 
reversibly to aldeh\dcs and some ketones. In the cases of water and alco¬ 
hols, the equilibrium point of the reaction is usually very far toward the 
side of the free carbonyl compound. However, in the alcohol addition, 
the addition product, a hemiacelal, is an intermediate in the formation of 
an acetal, which is a stable compound since it has no hydrogen atom in 
the correct position to be lost from the electron-attracting groups. 

Reactions of ammonia and sodium bisulfite, though reversible, occur 
with sufficient completeness with aldehydes to form isolable products. 
Ketones with groups larger than methyl on the carbonyl group present a 
combination of steric and electronic factors which so slow down the 
formation of the bisulfite addition product that there is little yield within 
an hour. Major exceptions are cyclic ketones through cyclooctanone, in 
which the alkyl moiety on the carbonyl groups is pinned back out of the 
way by ring formation. Ketones also react with ammonia, but the reac¬ 
tions are not simple addition. 

The addition of hydrogen cyanide to most aldehydes and ketones is 
complete enough for the cyanohydrin to be isolated. Cyanohydrins are 
intermediates in the syntheses of hydroxy acids and their derivatives. 
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where the cyanohydrin is solvolyzed in acid solution. Addition of acetyl 
enes to aldehydes and ketones also involves base catalysis. 


B. Cyanohydrin Formation 

The formation of aldehyde and ketone cyanohydrins does not proceed 
in acid solutions, but goes rapidly when small amounts of base are pres¬ 
ent. Thus, the cyanide ion is the required nucleophile and hydrogen cya¬ 
nide is ineffective in attacking a carbonyl group. The steps shown in eqs. 
(1), (2), and (3) are involved. 

(1) HCN + OH' — CN" + H 2 0 

R 

(2) X C=0 + CN 

R 


R \ 

R / X CN 


R O' R x / OH 

(3) + HCN = / C x + CN ~ 

R X X CN R CN 

The lability of the hydroxyl group in the cyanohydrin is readily ob¬ 
served in that use of ammonium chloride and sodium cyanide gives an 
a-aminonitrile (eq. 4). Acid-catalyzed hydrolysis leads to an a-anuno 
acid (outline 5). This is called the Strecker synthesis. 


(4) RCHO + NH/ CN' 


RCH—CN + HjO 

I 

NH 3 


(5) RCH—CN 
NHj 


RCH — C0 2 H 
H + I 
©NH 3 


C. Reaction with Acetylene. Ethynylation 

The reaction of acetylene with carbonyl compounds is catalyzed by 
bases and follows a similar mechanism (eqs. 6, 7. and 8). This reaction 
succeeds with aldehydes which do not have active hydrogen atoms and 


(6) HC = CH + CHjO' — CH —C + CH 3 OH 


R 

(7) /C=0 + HC=C‘ 

R 





C = CH 


R O' 

(8) X C + CH 3 OH 

R X C=CH 


R OH 

X C X + CH 3 0 

R X X C=CH 


with ketones. It therefore represents a useful alcohol synthesis (eqs. 9, 
10, and II). The acetylenic alcohols can be hydrogenated to the corre- 
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O 

II 

CH 3 CH 2 CCH 3 + HC=CH 


CH 3 Q~ 

ch 3 oh 


OH 

I 

CH 3 CHjC—C=CH 

ch 3 

"dormisone" 

(a hypnotic) 



HCHO + CH=CH 


CH 3 Q~ 

ch 3 oh 


hc=cch 2 oh 

propargyl alcohol 



ch=cch 2 oh + ch 2 o 


ch 3 o~ 

ch 3 oh 


hoch 2 — c=c —ch 2 oh 

2-butyne-l,4-diol 


sponding allylic and saturated alcohols. The process of adding acetylene 
is called ethynylation. 


D. Hydrate, Acetal and Hemiacetal Formation 

The formation of hemiacetals by addition of alcohols to aldehydes 
or ketones (eq. 12) ordinarily has the position of equilibrium well to 
the left, as does the hydration reaction shown in eq. (13). In gen¬ 
eral, these reactions are so unfavorable that, even in water or in alco¬ 
hol solutions, the carbonyl compounds exist largely as such. A few 


(12) RCHO + R'OH ^ 


H\ /0 H 

/ c \ 

R OR' 


H \ / 0H 

(13) RCHO + HOH — C 

/ \ 

R OH 

interesting exceptions may be mentioned. Trichloroacetaldehyde, or 
chloral, forms a very stable hydrate, chloral hydrate, which requires con¬ 
centrated sulfuric acid to dehydrate it. It is a hypnotic, often called 


“knock-out drops.” Cyclopropanone has never 
tempts to prepare it result in the hydrate. 

been prepared. All at- 

OH 

CCIjCH 

°v 

1 /C=o 

CH, 

CH, OH 

1 c 

n oh 

CH 2 OH 

chloral 

hydrate 

cyclopropanone 

cyclopropanone 

hydrate 


This fact is rationalized bv consideration of angle strain. The internal 
angles in a three-membered ring must average 60°; thus, the angle strain in 



ADDITION PRODUCTS OF ALDEHYDES. KETONES. AND NITRILES 399 


cyclopropanone at the trigonal carbon atom is 60 , whereas that of the 
hydrate at the corresponding (now tetrahedral) carbon atom is signifi¬ 
cantly less. These compounds also form stable hemiacetals. 

Another stable hydrate is glyoxal dihydrate. In this, internal hydrogen 
bonding is considered to contribute significantly to its stability. 

H-0 

\ / 

H—C —C—H 
/ \ 

O 0 —H 

^"H ' 

glyoxol dihydrate 

Other cases where stable hemiacetals are observed are with 7 - or 6- 
hydroxy carbonyl compounds, which form stable cyclic hemiacetals 
(called lactals) (eqs. 14 and 15). These are of particular importance in 




(15) HOCHzCHjCHzCHjCHO ? 


H* 


or 


OH 


CH 2 —CHj 
i O CH, 

\h-ch{ 

HO 


carbohydrate chemistry (§38-1 B(5)). 
in such reactions. 


Acidic or basic catalysis is involved 


The further reaction of a hemiacetal with excess alcohol to give an 
acetal is acid-catalyzed (eq. 16). These reactions involve curbonium ions. 


H OH H .OR' 

\ / H* \ x 

(16) + R' OH — + H 2 0 

R OR' R OR' 

which are greatly stabilized by the a-alkoxy group (eqs. 17-20). As this 
mechanism is related to standard ether formation and hydrolysis mecha- 


H x /OH 

(I 7 ) /C 

R OR' 

<V 

H °H, 

R^ X OR' 


© 

H \ /° H > 

+ H 

R OR' 


H 

I 

C — O — R ’ 

© 


H 


© 

R — C = OR' 


(18) 


+ HjO 
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H 


(19) R —C —OR' + R'OH 


0 


H x / 0R ' 


H 


H s .or’ 

< 20 ' / C \© 

R O-R' 


H \ /° R ' 
R OR' 


H 


H 


nisnis, bases are not catalytically active. The formation of acetals is often 
the unfavorable direction in an equilibrium situation, so that such reac¬ 
tions are run in anhydrous alcohol solutions and water is removed by 
desiccation or by azeotropic distillation. 

Acetal formation is exemplified by the preparation of diethylacetal (gen¬ 
erally called “acetal") from acetaldehyde and ethyl alcohol (eq. 21). 
Ketones do not ordinarily form ketals under these conditions, because of 

* 

(21) CH 3 CHO + 2 CjHjOH —CH 3 CH(OC 2 H 5 ) 2 + H 2 0 

H 

acetaldehyde acetal 

still less favorable equilibria, although cyclic ketals are readily formed 
from ketones and 1,2-diols. The reaction between acetone and ethylene 
glycol to form 2,2-dimethyldioxolane is an example (eq. 22). Ketals re¬ 
lated to ethyl alcohol or to methyl alcohol can be prepared from ketones 
and orthoformate esters (eq. 23). 


( 22 ) 

O 

CH 3 CCH 3 + 

HOCH 2 CH 2 OH 

, ch 3 0 - 

H \ / 

-* c 

/ N 

ch 3 0 - 

ch 2 

l + 
ch 2 


acetone 

ethylene glycol 

2,2-dimethyl-l,3* 

dioxolone 

(23) 

0 

II 

R-C-R + 

H* 

HC(OR ') 3 ---- ► 

' ' ROH 

R OR' 

x - 

R OR' 

0 

HCOR' 


As acetals and ketals are stable in basic solution, while aldehydes and 
ketones undergo many base-catalyzed reactions, transformation of car¬ 
bonyl compounds to acetals and ketals and subsequent regeneration of the 
carbonyl compound by acidic hydrolysis represents a way to protect the 
carbonyl function during reaction sequences. 

When an excess of hydrogen halide is used in the treatment of an 
aldehyde with an alcohol, an a-halo ether results (eq. 24). This is a very 
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reactive class of compounds. Some of their reactions are considered 
in §19-5C. 

H \ / cl 

(24) RCHO + R'OH + HCI — \ + Hj ° 

R OR' 

Thioacetals are more stable than acetals, so that aldehydes and ketones 
react readily with mercaptans in the presence of acid catalysts (eq. 25). 
The formation of the hypnotics sulfonal and trional makes use of these 



H + 

RCHO + 2 R'SH 


V / SR ' 

V SR' 


+ 



o thioocetol 


reactions, as shown >n eqs. (26) and (27), 
R 

(26) 


+ R /SC 2 H, 

v H + \ / 

c=o + c 2 h 5 sh —* / C N 

R’ N SC 2 H 5 


h 2 o 




R ^SCjHj 

(27) + 4 H 2 0 2 

R' X SC 2 H 5 


R so 2 c 2 h 5 

X C + 4 H 2 0 

R (/ ^SOjCjHj 


where R = R’ = CHj for sulfonal and R = CH,, R' = C : H> for trional. 


E. Bisulfite Addition Products 

The reaction of aldehydes and ketones with sodium bisulfite follows the 
course shown in eq. (28). These bisulfite addition products are sodium 


(28) ^0=0 + HSOj" — / C N 

so 3 _ 

salts of a-hydroxyalkanesulfonic acids and are soluble in water, but in¬ 
soluble in ethanol. They are used to separate aldehydes and methyl 
ketones (not aryl) from other neutral species by extraction into aqueous 
sodium bisulfite solutions or by precipitation from ethanol solutions. 
They are readily decomposed by acid or base, as the position of the equi¬ 
librium represented by eq. (28) is disturbed by the reactions depicted in 
eqs. (29) and (30). 


(29) HSOj - + H + — H 2 0 + S0 2 

(30) HSOj' + OH’ — SOj ? " + H 2 0 
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When ammonium bisulfite is used, the product of the reaction is the 
aminoalkanesulfonic acid. This is exemplified by the reaction of formal¬ 
dehyde (eq. 31). 

(31) CH,0 + NH 4 + + HSO 3 ' — H 3 NCH 2 SO 3 0 + HjO 

Another use of the bisulfite addition compound is as an intermediate 
in the synthesis of cyanohydrins. An alkali cyanide can be used instead of 
gaseous hydrogen cyanide. Using this technique, mandelic acid is readily 

prepared. 




OH 


mandelonifrile 


H — C=N + 





A 


V"' 


>—CH — C — OH + 

I II 

OH O 


mandelic acid 



F. Self-Addition 1,2 at the Carbonyl Group 

Self-addition (polymerization) of aldehydes occurs readily among the 
lower aliphatic homologs, especially formaldehyde. These reactions are 
reversible, hence the cyclic trimers or tetramers or the linear polymers 
can often be used in synthesis in place of the monomers when acid catal¬ 
ysis can provide the means of depolymerization. 

In anhydrous acid media, both formaldehyde and acetaldehyde tend to 
cyclize, a process which may be represented as in outline (34). 

R(“HO 

(34) R— CH=0 + H* - (R CH —OH)* * 


(R —CH-^O —CH —OH)* 

R 


RCHO 


(R — CH—O—CH—O — CH OH)* - 

I I 

R R 


O 

R —CH CH —R 

H—6® ,0 

CH 


R—CH CH 

l 

O. .O 
CH 


—R 



R 


R 

aldehyd* 

trinver 
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where R = H or CH 3 . The product from formaldehyde is called trioxy- 
methylene or irio.xane ; that from acetaldehyde, paraldehyde. Intervention 
of a fourth aldehyde molecule before cyclizalion produces a tetramer. etc.: 
a mixture of such oligomers of four to six units of acetaldehyde is called 
metaldeh vde. 

An alternative pathway is taken by formaldehyde in the presence of 
moisture. Addition of water forms the diol. formaldehyde hydrate, which 
then initiates a chain of hemiacetal formation (the inner linkages of w hich 
become acetal linkages). The reaction occurs slowly without acid, but is 
acid-catalyzed (outline 35). The product polvoxymethylene, when sta- 

© 

/OH, 

(35) CH ? 0 + H 3 0* — (H 7 C—OH)* + H 7 0 — H 7 C . - 

OH 


HO—CH 3 -OH + (H 7 C—OH)* HO~CH 2 —OH —CH 7 —OH — H? ° - 

••• — HO-fcH, — o}„-CH 2 OH + HjO* 

poroformoldehyde; 

polyoxymethylene 


bilized by end-capping (reaction of the terminal hydroxy groups with 
acetic anhydride. $46-3G). forms a useful polymer. Delrin. Without the 

ch 3 co ? -[ ch 7 o]^ch ? ococh 3 

Delrin 


stabilization, paraformaldehyde has an appreciable equilibrium vapor 
pressure of formaldehyde, sufficient to make it slightly malodorous. 


G. Addition to Nitriles 

Th e carbon-nitrogen triple bond resembles the carbon-oxygen double 
bond in its susceptibility to acid- and base-catalyzed nucleophilic addition 
reactions. Here, addition of water to form amides (eq. 36), of alcohols to 
lorm iniidates (commonly called imino esters) (eq. 37), or of ammonia and 
amines to form amidines (eq. 38) are very common. Acid catalysis is 
generally used. The basic imino esters and amidines are isolated as their 
salts (eqs. 37 and 38). 


(36) R—+ HjO 



O 

II 

RC — NH 2 


(37) R C—N + R'OH + H* 


®NH 7 

II 

— RC —OR' 
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©NH 2 

(38) R—C=N + R’NH 3 + RN ^ ~* R—C—NHR 

The acid-catalyzed reactions involve proton addition to the nitrogen 
atom (eq. 39), followed by attack of the nucleophile (eq. 40). Proton 
transfers then occur (eqs. 41 or 42). When water is added, the initial 


(39) 

r—C=n: 

+ 

0 

H + — [R—C=N:H 

(40) 

4+ 4 + 

R—C==NH 

+ 

HZ: — R—C—NH 




©ZH 

(41) 

R—C==NH 

— 

© 

rc=nh 2 

1 


| 

©ZH 


1 

z 

(42) 

R — C“NH 

1 

•— 

R—C = NH + H* 


©zh z 


R—C=N:H] 


product is the imidol, which rapidly tautomerizes to the amide (eq. 43). 
As amides are readily hydrolyzed with mineral acid to acids and am¬ 
monium ion, special procedures have been developed to control the reac- 


OH O 

! II 

(43) R — C = NH — R —C--NH 2 

imidol amide 


tion. One method that can be used is to add concentrated sulfuric acid to 
the nitrile, then treat it in an ice bath with sodium carbonate solution. 
The amide, if an insoluble solid, separates readily and is collected by 
filtration. 


© 
• • • 


(44) 

R- 

— C==N + 

h 2 so 4 

~ R—C==N — H 



© 


2 _ H 2 0 

(45) 

R 

-C=N~ H 

hso 4 ' 

+ co 3 J —— 


R 

—c— nh 2 

+ co 2 

+ so/ 


I 


o 


hso 4 ‘ 


Formation of alkyl imidates (imino esters) readily stops at the addition of 
one molecule of alcohol, as long as water is rigidly excluded. Ethyl 
ethanimidate hydrochloride is readily obtainable (eq. 46). Conversion of 


(46) 

CH 3 — C —N + CH 3 CH 2 OH + H + + cr CH 3 --C = NH 2 + CI (s) 

och 2 ch 3 


ethyl ethanimidate 
hydrochloride 
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(47) CH 3 —C=NH 2 + + NH 3 — CHj—C=NH 2 + + CH 3 CH 2 OH 

o—CH 2 CH 3 nh 2 


an imino ester salt to an amidine salt is illustrated in eq. (47). This is a 
solvolysis similar to ammonolysis of an ester (§17-3D). Direct addition of 
ammonia or amines to nitriles occurs with difficulty. 

The imino group in imino esters is readily replaced by a keto group by 
treatment with water. This represents a very useful process for the forma¬ 


tion of esters directly from nitriles (eq. 48). 
© 

• nh 2 NHj 

|: 

(48) RC~OR' + H 2 0 — R—C—OR' — 

©OH 2 


The reaction path, another 
®nh 3 

R—<j — OR' — 

OH 


O 

II 

R—C—OR' + NH 3 “ RC —OR + NH 4 

|! 

OH® 


solvolysis example, undoubtedly involves addition of water to the func¬ 
tional carbon atom, proton migration, and loss of ammonia. This reaction 
is utilized industrially in the synthesis of malonic ester (see §21-6A) (eqs. 
49-51) as well as in the synthesis of methyl methacrylate from acetone 

cyanohydrin (eqs. 52- 54). 

(49) CICH 2 C0 2 - + CN ~ — N = C CH 2 COO I- Cl' 

chloroocetotc cyonoocetole 


(50) N = C —CH 2 C0 2 H + 2 C 2 H 5 OH + H* — 

cyonoocetic ocid 
®NH 2 

c 2 h s o— c — ch 2 co 2 c 2 h s + h 2 o 

(51) 

®nh 2 

C 2 Hj— oc —CH 2 C0 2 C 2 Hj + h 2 o — c 2 h 5 ococh 2 co 2 c 2 h 5 + NH/ 

ethyl molonale 
(molonic ester) 


OH 

(52) CH 3 C—C^N + CH 3 OH + H* 

I 

CH 3 

acetone 

cyanohydrin 


® 

OH NH 2 

h 2 so 4 

—-* ch 3 c-c-och 3 

ch 3 
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®NH 2 

H 2 S0 4 

—-* CHj=C—C—OCH 3 + H z O 

ch 3 

©nh 2 o 

II II 

(54) CH 2 = C — C—OCHj + H 2 0 — CHj=C—C—OCH 3 + NH 4 

CH 3 CHj 

methyl methacrylate 

Esters of methacrylic acid (prepared with various alcohols by analogous 
processes) are important for the preparation of useful polymers (see 
§46-3E). Nitriles also undergo addition-displacement reactions with 
bases. Alkoxides form alkyl imidates. though the acid-catalyzed reaction 
is more convenient since it produces the more stable imino ester salts. 
Hydroxide ion forms the intermediate amide, which can proceed to the 
carboxylate salt without isolation. For reactions which follow eq. (57) 
see ^ 17-3 D. 

(55) R — C =• N + OH ~ R — C~N ' — R —C = NH 

OH O e 

(56) R - C“ NH 4 H 2 0 •- R —C = NH + OH' 

O 0 OH 

(57) R — C~NH • • RCNH 2 

: li 

OH O 
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OH NH 2 

(53) CH 3 C—C—OCH 3 

ch 3 


QUESTIONS AND PROBLEMS 

1 W rite equations lor any reactions that go essentially to completion in the 
following mixtures of reagents. Use structural formulas for organic compounds. 
Indicate essential conditions. 

a butanonc and saturated sodium b. rr-butvraldehydc and water 
bisullile solution 
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c. diethyl ketone and hydrogen 
cyanide 

d. acetonitrile and limited amount 
of water 

e. acetophenone and hydrochloric 
acid 

f. benzonitrile and isopropyl 
alcohol 


g. crotonaldehvde and //-butyl 
alcohol 

h. isobutvraldehvde and methanol 

* * 

i. 1,3-butanediol and formalde¬ 
hyde 

j. 2,6-dimethyi-2,5-heptadien-4- 
one (phorone) and ethyl ortho- 
formate 


2. Show how the following compounds can be prepared from acetaldeh>de 
and inorganic reagents (including HCN and its salts). 

a. lactic acid d. o-chloropropionic acid 

b. DL-alanine e. l-aminoethanesulfonic acid 

c. ethylamine 


3. Describe two ways an aldehyde can be isolated from a mixture of the alde¬ 
hyde and higher ketones (other than methyl) by chemical means. 

4. Describe a method by which a carbonyl compound can be isolated from a 
mixture of the carbonyl compound with alcohols, olefins, or other noncarbonyl 
compounds by chemical means. 

5. Show the steps necessary to bring about the following transformations in 
good yield. Indicate reagents and conditions. Use structural formulas for 
organic compounds. 


a. n-butyraldehyde to /i-butyralde- f. 
hyde sodium bisulfite and back 

to n-butyraldehyde again 

b. ethanol to acctaldoxime g. 

c. propanol to 1,1-dipropoxypro- 

panc h. 

d. butane-2,3-dione to dimethyl- 
glyoxime 

e. cyanamide and ethanol to i. 

guanidinium chloride 


/>-hydroxyphenylacelaldehyde to 
tyrosine (2-amino-3-(4-hydroxy- 
phenyl]propanoic acid) 
acetone to 2-hydroxy-2-methyl- 
propanoic acid 
benzyl cyanide and isopropyl 
alcohol to isopropyl phenylace- 
timidate 

formaldehyde and methyl sulfate 
to methoxy acetonitrile 


18-3 ADDITION TO CUMULATED UNSATURATED SYSTEMS 

Isocyanates, R — N=C=0, isothiocyanates, R — N=C = S, and 
ketenes, R 2 C—C=0, have in common a cumulated unsaturated system 
with a carbonyl group, or thiocarbonyl group, at the end of the molecule. 
Cumulated unsaturated systems are highly reactive, hence make good 
synthetic intermediates. However, because of their reactivity, they are 
often difficult to preserve. Ketenes, especially, are best prepared just 
before use. Some ketenes can be stored as their dimers, which decompose 
on strong heating to give the ketenes. It is of interest that kelene itself 
gives the /3-lactone dimer, while substituted ketenes give cyclobutane- 

dioncs. 
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R 

>= c== ° 

R' 

a ketene 


R—CH—C=0 

I I 

0=C CH—R 



a cyclobutanedione 
ketene dimer 


a /3-lactone 
ketene dimer 


A. Reactivity of the Cumulated System 

Most of the substances that add to aldehydes and ketones also add to 
ketenes, isocyanates, and isothiocyanates, but with greater vigor. Whereas 
reactions of aldehydes and ketones are essentially reversible, few of those 
of ketenes, isocyanates, and isothiocyanates are, and then only under 
special, drastic conditions (see §18-3B). These differences are probably 
due to the instability of the cumulated double bonds, resulting from the 
repulsions of the nonoverlapping 7r-orbitals (below and Fig. F8.1), which 
lie at right angles to each other. 


R—CH=C=0): 

\ I ” 

Repulsion 
a ketene 


R—N==C=0 

! " 
Repulsion 

on isocyanate 




Fig. 18-1. Cumulated Systems: MO Clouds and Orbital Formulas. (A) Ketenes, 
(B) Isocyanates. 


Ketenes are the most reactive of these compounds, isocyanates next, 
and isothiocyanates least reactive. Thus, ketenes react with water in the 
absence of catalyst, as do isocyanates, while isothiocyanates may in some 
cases be steam distilled. Alcohols react with ketenes and isocyanates, but 
again not with isothiocyanates. Ammonia and amines react readily with 
all three. Tertiary amines are often used as catalysts for the addition 
reaction. 

Mechanisms for additions are similar to those for addition to carbonyl 
groups. Thus, in the addition to ketene of methanol, the reaction prob- 
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ably takes the course shown in eq. (1). The enol tautomer is probably the 
( 1 ) CH3OH + CH 2 —C =0 — CHj=C O 0 — 


HOCH3 

© 


/ 


OH 


O 

li 


CH 2 =C 

X OCH 3 
enol ether 


ch 3 —c—OCH 3 


ester 


first product but rearranges immediately to the normal ester. 

B. Preparation of Isocyanates and Ketenes 

Isocyanates and isothiocyanates are prepared Irom amines and phos¬ 
gene or thiophosgene under conditions more drastic than those commonly 
used in amide preparation (eqs. 2-4). 


(2) 3 RNH 2 4 - Cl —c —Cl 


240 - 350 ” 


RN=C = 0 + 2 RNHj + Cl 



RNH —C —Cl + 
S 



Cl 


(4) RNH —C —Cl + 
S 

a thiocorbamyl 
chloride 



RN—C = S 


N 



Cl 


One method for the preparation of ketenes is similar to the dehydro¬ 
chlorination of the thiocurbamyl chloride (eq. 4). An acyl halide is heated 
under reflux with pyridine, the more volatile ketene distilling as it is 
formed (eq. 5). 



RCH —C —O + 



N© 

I 

H 


Unsubstituted ketene is usually prepared by pyrolysis of acetone (eq. 6) 
over a red-hot chromel wire. The optimum yield of ketene is about 90 " 0 . 


(6) CH3CCH3 


900' 
Cr + Ni 


CHj —C —O + CH 4 

kelene 
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Ketoketenes are generally prepared from a-bromoacyl bromides and 
zinc (eq. 7). An interesting ketene-like compound, carbon suboxide, is 


(7) 


C” 3 Br O 

\ I II 


CH 


\ 


CH 




C—c —Br + Zn 


a-bromoisobutyryl 

bromide 


C=c=0 -f ZnBr 2 

ch 3 ^ 

dimethylketene 


prepared when malonic acid is dehydrated (eq. 8). This compound is one 

(8) 3 HO— CCH 2 C —OH + 2 P 2 O s -♦ 3 0=C=C=C=0 + 4H 3 PQ 4 


malonic acid 


carbon suboxide 


of several unusual organic “oxides” of carbon. 


C. Typical Additions 

Ketene is most useful for preparing derivatives of acetic acid which can 
be prepared only with difficulty in other ways. For example, ketene reacts 
with tertiary alcohols to form acetates which are prepared only in poor 
yield by the usual methods of esterification. 

(9) (CH 3 ) 3 C — OH + CH 2 = C = 0 — CH 3 —C —OC(CH 3 ) 3 

o 

ferf-butyl ketene /erf-butyl acetate 

alcohol 

Phenols are also sometimes difficult to esterify. High yields of esters are 
obtainable by use of ketene. 

(10) ArOH + CH 2 = C = 0 — ArO —C —CH 3 

O 


The reaction of ketene with acetic acid leads to acetic anhydride. 


(11) CH 3 C0 2 H + ch 2 = c = 0 — (CH 3 C0) 2 0 

acetic 

anhydride 

Needless to say, reagents for use with ketene must be scrupulously dried, 
as water reacts to give acetic acid (eq. 12) which then reacts with more 
ketene to give acetic anhydride (eq. 1 I). Other compounds which add to 


(12) h 2 o + ch 2 =■ c — o 


CHjCOjH 


ketene to give useful acetic acid derivatives are hydrogen halides and 
h\drogen sullide. Acetyl halides and thioacctic acid are the products. 
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Phenyl isocyanate is used as a reagent to form derivatives for the 
characterization of either amines or alcohols. Amines form substituted 
ureas. 


03) 



+ 


RNH, 


phenyl isocyonote 



N-olWyl-N -phenylureo 


The products from alcohols are A'-phenylcarbamates or urethanes. 
Polyurethanes formed by reactions of diisocyanates and polyols form an 
important class of high polymers. The products may be resins or rubbers 
(see §46-5E). 



ROH 



o Iky I phenylurethone 
olkyl N phenylcorbomote 


Phenyl isothiocyanate is also used as a reagent to identify amines by 
formation of thioureas. 


(15) <( )a-N = C — 


S + RNH 


phenyl liothiocyanote 


j — NH — C — NHR 

7 II 

s 

sym-disubsMuted 

thiourea 


Wohler’s classical synthesis of urea from supposedly inorganic com¬ 
pounds can be considered to be an addition to an isocyanate. 


(16) NH/ + NCO ’ 



NHj + H —N = C = 0 



N —C —NH 2 

II 

O 

urea 


Isocyanates also react with moisture to give carbamic acids which de- 
carboxylate immediately to amines, which in turn react with more ol the 
reagent to give symmetrically substituted ureas. Since diphenylurea, di-«- 
naphthylurea, and the like formed in these reactions are generally much 


(17) R — N=^C=^ 0 + HjO — RNH —CO,H ' RNH ? + CO, 

(18) R —NH, + R — N = C = 0 - R —NH —C —NH —R 

II 

O 


less soluble in crystallization solvents 
sired, they give considerable trouble in 


than the urea derivatives de- 
the purification of the desired 
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products. For this reason, amines from which ureas are to be prepared 
must be scrupulously freed from moisture. The same applies to alcohols 
before they are converted into alkyl /V-arylcarbamates. As isothiocyan¬ 
ates do not react with water, the preparation of dialkylthioureas is often 
preferred for making derivatives of amines. 

D. Additions to Carbon Dioxide and Carbon Disulfide 

Carbon dioxide and carbon disulfide are cumulated compounds analo¬ 
gous to isocyanates and isothiocyanates, respectively. However, carbon 
dioxide is much less reactive than the isocyanates, possibly due to reso¬ 
nance stabilization. Similar factors contribute no unusual stability to 

© © © © © © .. .. © © 

:0=C=0- — :0—C=0: — :o=C—O: :o~C=C>: — :o=C—p: 

• • • • • • 

resonance in carbon dioxide 

carbon disulfide, as the sulfur atom forms multiple bonds with difficulty. 

Carbon dioxide and carbon disulfide add ammonia and amines to form 
carbamates and dithiocarbamates, respectively. Ammonium carbamate is 
converted to urea industrially by heating (eqs. 19-21). Ammonium dithio- 


(19) NH 3 + 0=C = 0 — 


h 2 n— c —oh"1 
11 

O J 

carbamic acid 
(unstable) 


(20) NH 3 + 


[ H 2 N — c — OH] 

4 J 


h 2 n—c—o~nh 4 + 


(21) H 2 N — C-—O' NH/ 

II 

o 


NH- 


ammonium corbomate 
(stable) 

H 2 N— C — NH 2 + h 2 o 
O 


urea 


carbamates (eq. 22) are intermediates in one method for the preparation 
of isothiocyanates (eq. 23). 

(22) RNH 2 + S=C~S + NH 3 — RNH — C — S‘ NH 4 + 

S 

an N- substituted 
ammonium 
dithiocorbamate 

(23) RNH—C —S’ + Pb 2 ' -- R — N — C — S + PbS + 

|j 

S 
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Thiourea is not readily prepared from ammonium dithiocarbamate by 
a process analogous to eq. (21), but is available from the reaction of 
calcium cyanamide and hydrogen sulfide. 

(24) Ca 2+ (NCN) 2- + 2H,S — 1 5 °~ -- 8 -—► H 2 N— C —NH 2 + Ca 2 *S 2 

S 

thiourea 

Metallic A'-alkyldithiocarbamates, prepared from the ammonium salts, 
are useful commercially as pesticides for fungi and certain weeds. 

Reactions of carbon disulfide with base are analogous to those ol car¬ 
bon dioxide. One commercially important reaction of carbon disulfide is 
that with alcohols in the presence of base to form xanthates (eq. 25). These 
are decomposed in acid solution to the original alcohol and carbon 

(25) C 2 H 5 OH + CSj + OH' — CjHj O C S + H 2 0 

s 

ethyl xanthate anion 

disulfide. This feature is useful for the formation of viscose rayon. Cellu¬ 
lose is dissolved by xanthate formation, then redeposited in line filaments 
by running the viscose solution (the xanthate) through “spinnerets, dies 
with tiny orifices, into acid solution. The carbon disulfide can be re¬ 
covered and reused. 



cellulose Konthole sodium salt (soluble) 


cellulose + CS 2 
(spinnable fibers) 
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SUPPLEMENTARY READING 

Hanferd. W. E.. and J. C. Sauer, “Preparation of Ketenes and Ketenc Dimers," 
Org. Read ions, 3, 108-140 (1946). 


QUESTIONS AND PROBLEMS 


1. How do ketenes differ in reactivity from aldehydes and ketones? Why? 

2. What do you predict to be the relative reacti\ ities of amides and isocyanates? 
Why? 

3. Write equations for any reactions that go essentially to completion in the 
following mixtures of reagents. Use structural formulas for organic compounds. 


a. phenyl isocyanate + excess dilute 
sodium hydroxide 

b. kelene + diethyl ether 

c. methylketene + hydrogen sulfide 

d. dimethvlketene + methyl iodide 

¥ • 


e. rt-amvl isothioevanate + 

¥ ¥ 

w-propyl mercaptan 

f. cyclopentyl isocyanate + 
dimethylamine 

g. carbon disulfide and aniline 


4. Show how the following compounds can be prepared in good yield from the 
indicated starting materials. Use structural formulas for organic compounds. 
Indicate inorganic reagents and conditions. 


a. diphenylurea from phenyl 
isocyanate 

b. isobutvlamine from isobutvl 

• ¥ 

isoev anate 

c. ethvl urethane from eth\I 

isoev anate 
¥ 

d. thioacetic acid from kelene 

e. n-butvramide from ethvlketene 


f. phenylketene from phenylacetic 
acid 

g. acetic anhy dride from acetone 

h. rt-naphthyI isocyanate from 
a-naphthvlaminc 

i. thiourea from potassium thio¬ 
cyanate 

j. /i-bulyl acetate from ketene 


18-4 CARBONYL OXYGEN DISPLACEMENTS 

The reactions considered in this section are of the type exemplified by 
the formation of oximes, phenylhydrazones, semicarbazones, and other 
derivatives of aldehydes or ketones. 

A. Displacement Agents 

Any electron-donating molecule or ion which establishes a bond with 
the carbonyl carbon atom either more stable than or of approximately 
equal stability to the carbon-oxygen bond, such as the carbon-nitrogen 
bond, reacts. For the reaction to be a replacement, not an addition, the 
other requirement is that the added group have a hydrogen atom to lose 
from the addition complex. Compounds which characteristically undergo 
carbonyl replacements are the substituted ammonias: amines, hydroxyl- 
amines. hydra/ine, pheny Ihydrazine. semicarbazide. etc. The overall 
reaction is given in eq. (1). 
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R 

(1) N C=0 + YNH 2 — ^C = NY + H 2 0 

R / R 


B. Specific Mechanisms for the Reactions 

Most of these displacement reactions are subject to acid catal>sis, but 
high concentrations of strong acids cannot be used, as they form salts with 
the amine component and remove them from the reaction. Salts of the 
amine component with weak acids are generally utilized. The reaction 
involves addition of the amino compound to the carbonyl group (eq. 2) 
followed by loss of water (eq. 3). 

R R OH 

(2) /C=0 + YNH 2 — 

R R X NHY 



R 

R 


X 


OH 


NHY 


R 

X C=NY + H 2 0 

R 


Even in aqueous media, the reactions proceed to the right, partly 
because many of the derivatives are insoluble in water. The success ot the 
reaction is generally measured by the ease with which the products are 
induced to crystallize. Addition of significant quantities of a strong acid 
in aqueous solution causes the hydrolysis of the derivatives and shifts the 
equilibrium (eq. 1) to the left by forming salts of the amino compound. 

C. Typical Reactions 

The reactions of aldehydes and ketones with hydroxylamine, phenyl- 
hydrazine, 2,4-dinitrophenylhydra/ine, and semicarbazide are so general 
that these reactions are used as diagnostic for the carbonyl group as well 
as lor the preparation of derivatives to characterize individual com¬ 
pounds. Hydrazine reacts with either I or 2 moles ol carbonyl compound 
(eqs. 4 and 5) to give hydrazones or azines. 

h 7 ncnhnh 2 

II 

o 

semicorbozide 



r 2 c- 

o 

+ 

HjN—NH 2 

hydrozine 

R 2 C — N — NH 2 -t- HjO 

o hydrozone 

( 5 ) 

RjC= 

o 

+ 

R 2 C— ~ N— NH 2 

► r 2 c= n- n = cr 2 + 


on ozme 

The bases required for the formation of such derivatives are rather 
easily oxidized by air. Hence, they are commonly stored as their salts 
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(chlorides or sulfates) and released for use by the addition of sodium 
acetate. The weak acid, acetic acid, catalyzes the reaction. 


(6) NH 3 OH + + CH 3 —c—O' — NH 2 OH + CHj—c—OH 

II II 



O 


o 

(7) R 2 C=0 + CH 3 —C—OH — 

r 2 c=o-*-ho— c —ch 3 

II 


II 

o 


II 

o 

(8) 

R 2 C=0—►HO — C — CH 3 

+ NH 2 OH — 


II 

L o J 



R 2 C=N—OH + HjO 

+ ch 3 - 

-c — OH 

II 




II 

o 


rt-Hydroxyaldehydes and «-hydroxyketones react further with phenyl- 
hydrazines to form dihydrazones called osazones. The hydroxy group of 
the initial phenylhydrazone is oxidized, then reacts with a third mole of 
phenylhydrazine. 


(9) 


/P<\ 

(» .CH — C— ( 

II 


10) x 


r \ 

L )) 



NH —NH ? 


OH 

o 


r ZS\ 

(( y )— ch- 

\ _/ 

-C-/Q) 

II 

N 

+ h 2 o 

OH 



nh__a A )/ 

> 

\ CH 

\ j 

V 

OH 

II 

N 

*c> 


r 

/ - - \ 

NH * < x ) 

\ * / 


' l "\ 

•U T)-c- 

ii 

o 

c~(i" N + 

II \>r./ 

N 

1 

NH — \ i ! ) 

\ V.. 

\— 

NHj + \ 


)/— NH — NH 2 


NHj 


V: 



CARBONYL OXYGEN DISPLACEMENTS 417 




benzil bisphenylhydrozone 
(benzoin phenylo^ozone) 


D. Aldehyde Ammonias 

Certain aldehydes add ammonia to give simple addition compounds 
which can be isolated. An example is given with acetaldehyde (eq. 12). 


/ OH 

(12) CH 3 CHO + NH 3 — CH 3 CH^ 

nh 2 


acetaldehyde ammonia 

With formaldehyde, the aldehyde ammonia product condenses lurther to 
give hexamethylenetetramine or urotropine (eq. 13). 


(13) 6 CH 2 o + 4 nh 3 


CH ? 

/ l 


N 


/ 


/ 

CH ? 


CH 

/ 


N v 

/ \CH, 
CH 


N 


/ 

N 




6 H ? 0 


he*omethylene»etromine 


This compound is used as a bladder disinfectant and as an 
the synthesis of the nitramine high explosive, KDX, b> 
nitric acid. 


intermediate in 
treatment with 


no 7 

I 

H ? C CH 7 
I : 

N N 

0 2 N^ £ NO ? 

h 2 


RDX 
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Benzaldehyde undergoes a combination of additions and displacements 
leading to hydrobeittamide (eq. 14). 


(14) 



CHO + 2 NH 3 


+ 3 HjO 


Hydrobenzomide 



E. Schiff Bases 

Only aldehydes form SchifT bases with simple primary amines, and then 
only il one or both reagents are aromatic. The presence of the aromatic 
ring in conjugation with the double bond in the product is apparently 
necessary to provide stability. The production of ethylideneaniline 
(eq. 15) and benzalaniline (cq. 16) are examples of the reaction. These 
products are called aldimines in systematic nomenclature. 


(15) C H j CHO -f 




+ h 2 o 


<!6) - CHO + H, N —' 

• • 




+ H,0 


QUESTIONS AND PROBLEMS 


1. Write the overall equation for the preparation of benzaldoxime from benz¬ 
aldehyde. \\ hat favors the going to completion of this reaction? How can the re¬ 
action he driven backward, thus hydrolyzing the oxime? 

2. W rite equations for the reactions that occur when the following compounds 
are mixed. Use structural formulas for organic compounds. 


a. acetaldehyde ■+• hydroxylumine 
b ben/aldehyde + aniline 

c. acetone + phenylhydra/me 

d. hen/ophenone + semicarba/ide 
e acetophenone excess hsdra- 

/ine Indrale 


f. anisaldehvde + h\dra/ine 
hydrate, aldehyde in excess 

g. 3-hydroxy-2-butanone + 2.4- 
dinitropheny Ihy dra/ine 

h biacety l + o-pheny lenediamine 
i. ben/il (1,2-dipheny lethane- 

1.2-dione) and ethy lene diamine 


CARBONYL OXYGEN DISPLACEMENTS 419 


3. Show how the compounds below can be prepared in respectable > ields from 
the suggested starting materials. Use structural formulas for organic compounds. 
Indicate the reagents used and essential conditions. 

a. benzylhydrazine hydrochloride c. acetone semicarbazone from 

from benzaldehyde acetic acid and semicarbazide 

b. phenylbenzy lamine from aniline 
and benzaldehyde 



Organometallic 
Compounds and 
Organometalloids 


19-1 NOMENCLATURE 

Organometallic compounds are substances in which a metal is chemi¬ 
cally bound to carbon by a linkage which may be either ionic or covalent. 
In general, the more active the metal, the more reactive the organo¬ 
metallic compound derived from it, since the more active metals are more 
inclined to be cationic, whereas carbon strongly prefers covalence. 

Organometalloids are alkyl or aryl derivatives of silicon, boron, and 
other elements which are not true metals, but which form organic deriva¬ 
tives which bear certain formal resemblances to organometallic com¬ 
pounds. 

Both IUPAC nomenclature and common practice designate organo¬ 
metallic compounds by their component radicals followed by their metals, 
as diethyl/inc, letramethyllead, and phenylmagnesium chloride. 


CH 3 CH 2 - Zn—CH 2 CH 3 


diclhylzmc 


ch 3 

i 

CH 3 — Pb — ch 3 
ch 3 

tetramethyllead 



! >— Mg — Cl 


phenylmagnesium 

chloride 


Prefixes are necessary in complex compounds having groups preferen¬ 
tial!) named as suffixes. as 4-chloromercuribenzenecarboxylic acid 
(IUPAC) or/7-chloromercuribenzoic acid (common). Usually the metal 
prefix terminates in the syllable - a , as suilio-, calcio -, magnesia-. However, 
metals which have more than one valence use this syllable to designate 


Cl - Hg c — 


OH 


O 


p chloromercunbenzoic ocid 


420 
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the lower valence and the syllable -/ to indicate the higher valence. The 
prefix mercuri- in the preceding example indicates that the mercury is 
divalent. Similarly, Jerri and ferro designate trivalent iron and divalent 

iron, respectively. 

19-2 PREPARATION 

Several general methods for preparing organomelallic compounds, 
some of which are more suitable for one type, some for another, depend¬ 
ing on the activity of the metal and the nature of the organic radical, arc- 

considered below. 

A. Direct Substitution: Metallation 

Many organomelallic compounds of relatively inactive metals can be 
prepared by electrophilic substitution by an electrophilic metal sa l on an 
aromatic compound. For example, phenyimercuric acetate is mann 
factured in excellent yield by the action ol mercuric acetate on en/ene in 
glacial acetic acid. The product is a very useful fungicide, disinlectant. 

and spermicide. 


(1) 



+ CH 3 CO 2 — Hg —OCOCHj 



Hg — OCOCHj + CH 3 CO,H 


phenyimercuric 

ocetote 

Less electrophilic arsenic in arsenic acid similarly attacks the very re 
active aromatic substrates, aniline and phenol, but not less nut cop i »e 
compounds. Even with activated aromatic compounds sue 1 as am me am 
phenol, the substitution is very slow and gives low yields. Arsani ic aci 
and related compounds have been used to treat sleeping sickness (a type 
of trypanosomiasis). 

OH 

(2) HOH^) + H,A,0. HO-(^)“A S -OH + 

(33% yield) 


H,0 


(3) 


H-, N 



+ H 3 AsO, 


160 


5- I 6 hr. 


OH 



anonilic ocid 

(11-15% yield) 


+ H ? 0 
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Lewisite was used in the first world war as a poison “gas." It is pre¬ 
pared by addition of arsenous chloride to acetylene (eq. 4) and is both a 
vesicant and a systemic poison. 


(4) HC =CH + 


a sC ,3 


CICH =CH—AsCI 2 

lewisite 


B. Replacement of Halogen by Metal 

The direct replacement of a halogen atom by a metal is suitable for the 
preparation of organometallic compounds of metals intermediate or high 
in activity, such as magnesium, zinc, lithium and sodium. The metal acts 
as an electron donor to the halogen atom, after which the alkyl or aryl 
group rearranges to the electron-deficient metal atom. Solvents with un¬ 
shared electron pairs coordinate w ith the metal atom to stabilize the sys¬ 
tem. An example is the formation of the Grignard reagent (eq. 5). 


(5) R X: + Mg + 2C 2 HjOC 2 H 5 


C 2 H 5 —O—C 2 H s 
R: Mg : X: 
C 2 Hj —6—c 2 h 5 


The preparation of organomagnesium halides was discovered by Victor 
Grignard, a french chemist, and was named Grignard reaction for him. 
An organomagnesium halide in ether is called a Grignard reagent. The 
ether is important. Distillation of ether from a solution of Grignard re¬ 
agent leaves a solid solvate containing 2 moles of ether per mole of or¬ 
ganomagnesium halide. Grignard reagents usually cannot be prepared in 
solvents that do not coordinate with divalent magnesium. 

L nder optimum conditions, yields of Grignard reagents are very high. 
Primary halides give yields from 90 to l00'’ o , secondary 70 to 90° o , and 
tertiary under 30”,, as usually carried out. by addition of the halide to 
ether covering a slight excess of magnesium turnings. Under optimum 
conditions, by passing a very dilute ether solution of halide through a 
column ol magnesium powder, ten -butyl chloride gives yields of 50 70"., 
of the Grignard reagent. The difficulty in the preparation of tertiary 
alky Imagnesium halides is the action of the Grignard reagent formed on 
the as yet unchanged halide. Grignard reagents couple with tertiary 
halides (as well as with ally lie halides and a-haloethers) so dimeric prod¬ 
ucts are obtained. Primary and secondary alkyl halides do not couple as 
readilv with Grignard reagents. 


(6) R'MgX -f R 3 C 


r 3 cr 


MgX 2 


Ary Imagnesium bromides and iodides are also prepared in good yields. 
I he rale ol formation ol Grignard reagent is greatest from an iodide, 
least from a chloride. Most alkyl fluorides do not react. The yields are 
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generally highest from the bromide, lowest from the iodide. Aryl chlor¬ 
ides do not react with magnesium in ethyl ether, but. at the higher tem¬ 
perature of refluxing tetrahydrofuran, do form the Grignard reagent. 
Vinylmagnesium halides can also be formed in tetrahydroluran. Alkyl- 
lithium and aryllithium compounds can be prepared like Grignard re¬ 
agents. Since lithium is sufficiently more reactive than magnesium, chlo¬ 
robenzene forms phenyllithium without difliculty. Reactions with lithium 

do not require ether. 

C. Replacement of a Less Active Metal by a More Active Metal 

As with metal replacement reactions in inorganic compounds, a metal 
higher in the electromotive series (adjusted for nonaqueous solvents) re¬ 
places another from an organometallic compound. The metal with the 
higher ionization potential ends up with the electrons as tree metal. 

(7) (C 4 H 5 ) 2 Hg + 2 Li — 2 C 6 H>Li + Hg 

0. Replacement of a More Active Metal by a Less Active Metal 

Just as covalent halogen in an organic compound has u charge some 
where between the elementary slate and its prelerred anionic stale, t e 
metal in an organometallic compound is somewhere between tie ret* 
metallic slate and the cationic slate. Therefore, the metal which has more 
tendency to lose electrons prefers the ionic stale more than another metal. 
Thus, in the reaction of an organometallic compound with the salt ol a 

less active metal, an exchange of metals occurs. 

Such a reaction is used to prepare organocadmium, organotin. organo 
germanium, organolead, and organomcrcury compounds. 

(8) RMgX + SnX 4 — RSnXj + Mg 2 ’ (X ) 2 

(9) RMgX + RSnX 3 — R 2 SnX 2 + Mg 2 ' (X ) 2 etc. 

Commercially, tetraethyllead is prepared directly Irom ethyl chloride 
and sodium-lead alloy. 

00) 4C 2 H 5 CI + Na 4 Pb — (C 2 H 5 ) 4 Pb + 4 NoCI 

19-3 TYPICAL ORGANOMETALLIC COMPOUNDS 

The most widely used organometallic compounds in synthetic applica¬ 
tions are the Grignard reagents. RMgX. A lew ol these are available com 

mercially, but normally they are prepared just belore use. 

Some organometallic compounds of the heavy metals are commercial y 
important. Tetraethyllead and letramethy Head, lor example, are used m 
tonnage quantities to improve the antiknock quality ol gasoline. I he 
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discovery of the value of tetraethyllead by Thomas Midgley, Jr. in 1922 
was an important step in the progress of petroleum utilization and auto¬ 
motive engineering. 

Organotin compounds are used as antioxidants in rubber products, 
both natural and synthetic. 

Organomercury compounds as a class are protein precipitants and 
enzyme poisons highly effective against microorganisms. Treatment of 
both plants and animals is confined to topical (surface) treatment, since 
such compounds are as damaging to the host as to the parasite internally. 
Phenylmercuric acetate formulations and related salts are effective weap¬ 
ons against rots, mildews, blights, and molds that attack flowering shrubs, 
orchard trees, seeds, and bulbs. Their use against vegetable diseases is 
prevented because of danger of poisoning the vegetable consumer by 
residues of the fungicide left on edible portions of the vegetable. 

A few organomercury compounds mild enough to be used on open cuts 
and wounds have been developed. Mercurochrome, disodium dibromo- 
hydroxymercurilluoresceinate, was long popular as a germicide until it 
was shown to be too mild to be ell'ective. Merthiolate, sodium o-ethyl- 
mercurilhiobenzoate, and metaphen, sodium 2-hydroxymercuri-3-nilro- 
(vmelh) Iphenoxide, are much more effective germicides. 


HgOH 


No ' 

ll 

0 

O 

DC 

Br 

o 

II 

c —O No’ 

X SHgC 2 H 5 

O’ No* 

CH^ 1 HgOH 

W 




.CO No * 

' 1 

or • 

no 2 



o 

N/ 



mercuro 

chrome 


merfhiolote 

metaphen 


The various uses of other organomercury compounds and of organo- 
irsenie compounds were mentioned in sj19-2A. 


A Sandwich Compounds 

Besides the classical organometallic compounds considered heretofore, 
there are certain interesting organometallic types of recent discovery. 
I errocene (lerrous bisc>clopentadienide) is an interesting example from a 
theoretical viewpoint, since it "illustrates in a new way a number of im¬ 
portant principles. In the formula, below, the hydrogen atoms are shown 
to emphasize that the hydrocarbon portions have one less hydrogen atom 
each than cyclopentadiene. The valence between the hydrocarbon por¬ 
tions and the iron atom is left purposely indefinite for the moment. 
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H H 

ferrocene 


The cyclopentadienide ion (below and Fig. 19-1) has a six-electron 
mesomeric system with n orbitals very similar to those ot benzene. The 
only differences are the number of atoms over which the electron s>stem 
is distributed and the resultant overall charge of the system. 



cyclopentadienide ion. volence-bond structures 



cyclopentadienide ion 



benzene 




' 7T 

V 


III 

energy levels 


fig. 19-1. Similarity between MO of Cyclopentadienide Ion and 
Refer to Fig. 7-6 for diagrams of highest bonding orbitals. 


MO of Benzene. 
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A consequence of the resonance stabilization of the cyclopentadienide 
ion is that it is readily prepared by some metailation reactions. Thus, 
cyclopentadiene reacts with potassium under benzene to form potassium 
cyclopentadienide (eq. 1) or with hot, activated iron to form ferrocene 
(eq. 12).. The potassium salt reacts with ferrous chloride also to give 
ferrocene (eq. 13). 



These reactions may suggest that ferrocene is an ionic compound. 
However, solutions of ferrocene do not dissociate into ferrous ions and 
cyclopentadienide ions. A further suggestion has been made that ferro¬ 
cene is a 7r complex between the ferrous ion and the 7r-orbitals of the two 
cyclopentadienide ions. This is in agreement with x-ray diffraction data 
which indicate that ferrocene is a “sandwich” with the iron atom as filling 
between two “slices” of cyclopentadienide ion. Other chemists have sug¬ 
gested more or less covalent character due to overlap between d atomic 
orbitals of the ferrous ion and the p atomic orbitals of the cyclopenta¬ 
dienide ions. a\I1 of these viewpoints have certain elements of truth; the 
compound is ionic in the sense that separate entities with electronic 
charges can be dissected for discussion purposes and covalent in the sense 
that a definite bond holds the ferrous ion to the cyclopentadienide ions too 
tightly for detectable dissociation. As to the exact nature of the bonding 
orbitals, there is ample room for discussion yet. The compound is thus 
generally represented as 1, a sufficiently vague formula to allow- a number 
of bonding possibilities. 



i 


The aromatic character of the cyclopentadienide portions of the com¬ 
pound is well exemplified by typical aromatic substitution reactions, for 
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example, alkylation (eq. 14). The unusual bonding stability is indicated 
by the fact that neither the aluminum chloride nor the hydrogen chloride 

(14) CH 3 CI + C 5 H 5 FeC 5 Hj —' ——■ C 5 H 5 FeC 5 H 4 CH 3 + HCI 
decomposes the ferrocene or the alkylated lerrocene. 

(15) CsHjFeCjHj + 2 HCI )£ FeCI 2 + 2 C,H 6 -does not go 

Similar “sandwich compounds" involving other metals and other 
hydrocarbons with a cyclopentadiene ring, such as indene. are know n. 

B. Organometalloids 

Some organosilicon compounds, such as those given below, are com¬ 
mercially important raw materials lor silicones (Chapter 45). 

CH 3 SiCI 3 (CHj)jSiClj (CH 3 )jSiCI 

methyltrichlorosilone dimethyldichlorowlone trimethylchloro»ilan« 

CjHjSiClj (C 2 H s ) 2 SiCI 2 (C 2 H 5 )jS.CI 

ethyltrichlorosilane diethyldichlorotilone tnethykhlofosilane 

These compounds are prepared by the direct action ol silicon on alky 1 
halides in the presence of copper powder (outline 16) or b> reaction ol 
alkylmagnesium halides with silicon tetrachloride (eqs. 17 and 18). 

(16) Si + 2 CH 3 CI --(CH 3 ) 2 SiCI 2 CHjSiClj + (CH 3 ) 3 SiCI 

^ • 

(17) CHjMgCI -t- SiCI 4 -* CHjSiCI 3 + MgCI 2 

(18) CHjMgCI + CHjSiCb — — (CHj) 2 SiCI 2 + MgCI 2 etc. 

Mixtures of compounds result which are readily separated by distil¬ 
lation. The use of Grignard reagents lor these reactions led to the lirst 
successful industrial control of Grignard reactions. 

(J) Hydroboration Organoboron compounds are intermediates in some 
useful new methods for preparing alcohols. I he organoboron compounds 
are most easily prepared by hydroboration , the addition ol diborane to 
olefins (eq. 19). 

1 

— C-C B 

1 \L 

Treatment of the organoboron derivatives with hydrogen peroxide 
yields the alcohols. The importance of this sequence as a synthetic 


(19) 


\ / 
V c “c x + 


B 2 H 


2 1 
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—C—C I B + 3H,Oj + 3 OH" — 

I Ik 


3H —C —C —OH + B0 3 3 ' + 3H 2 0 

I I 

melhod is the mode of addition of the diborane (borethane, boron 
hydride). This compound adds largely contrary to Markovnikoff's rule ; 
thus the alcohol finally produced has the hydroxy group on the less substi¬ 
tuted carbon atom of the original C=C linkage (outline 21). 

CH 3 / CH 3 \ CH 3 

(21) CH 3 — C=--CH 2 — : — k — \CH 3 CH— CHj —) B — CH 3 CH—CH 2 OH 

isobutylene triisobutylboron isobutyl alcohol 

Hydroboration is a cis addition process. The oxidation also goes with 
retention of configuration. Thus, the overall process results in the forma¬ 
tion of an alcohol in which the stereochemical relationship of these groups 
is known (e.g., outline 22). 


3 h ?°2 
oh' 

1 methylcyclohexene /rons-2-melhylcyclohexanol 

Addition to acetylenes leads, after oxidation, to aldehydes, via the vinyl 
borane and vinyl alcohol. 





B 2 H 6 H 2 0 2 

(23) RC-^CH -~ — (RCH=CH) 3 B — - RCH 2 CHO 

OH 

The addition ol diborane to olefins is reversible. This has the interesting 
application that heating an internal olefin with diborane leads to the 
predominant formation of a primary alcohol (or two alcohols if the olefin 
has an unsymmetrical chain). 

(24) 

CH 3 CH 2 CH — CHCH 3 (CH 3 CH 2 CH 2 CH 2 CH 2 ) 3 B —CH 3 (CH 2 ),OH 

2 -penlene n-omyl alcohol 

(2) Organophosphorus Compounds; The Wittig Synthesis of Olefins. Tri¬ 
alkyl- and triarylphosphorus compounds are prepared by the reaction of 
an excess of a Grignard reagent with phosphorus trichloride (eq. 25). 
Reaction with limited amounts of Grignard reagent may lead to alkyl- 


TYPICAL OPGANOMETALUC COMPOUNDS 429 


dichlorophosphines, RPC1 2 , and dialkylchlorophosphines. R 2 PCI. Phos¬ 
phines are nucleophilic, since they are similar in nature to amines. Thus, 
triphenylphosphine reacts with methyl iodide to give methyltriphenyl- 
phosphonium iodide (eq. 26). This material, like the corresponding qua- 



3 



+ 




triphenylphosphine 


3 MgBrCI 



methyltriphenylphosphomum iodide 


ternary ammonium compound, is salt-like in character. V\ hen meth\l- 
triphenylphosphonium ion is treated with a strong base, such as phenyl- 
lithium, a proton is lost from the methyl group to give an ylide with the 
two valence-bond structures shown in eq. (27). This slide is named 
triphenylphosphinemethylene. Presumably the ylide is stable because ol 
the ability of phosphorus to accommodate ten electrons in its valence 
shell. Treatment of the ylide with an aldehyde or ketone results in the 
formation of an olefin (eq. 28). This is called the Wiuig synthesis alter 
«ts originator. When higher alkyl halides are used, internal olefins arc- 
produced (outline 29). 



triphenylphosphinemethylene ylide 
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(28) 


© © 

(C 6 H 5 ) 3 P—ch 2 + r 2 c=o 


(C 6 h 5 ) 3 p^-ch 2 

♦ • 




© © 

(C 6 H 5 ) 3 p—o + R 2 C=CH 2 


(29) <C 6 H 5 ) 3 P + XCH ? R 


r> 

(C 6 Hj ) 3 PCH ? R, X 


C 6 H 5 l. 
-► 


R 

C O 

*' c R ‘ 

(C 6 H 5 ) 3 P- chr - 


R' 

C — C H — R 
R” 


19-4 SPECIAL HANDLING PROBLEMS 

Orgunomeiailic compounds provide hazards peculiar to themselves. 
Some are highly reactive; all are foreign to biological systems. 

A. Physiological Hazards 

As a class, organometallic compounds are highly toxic. The vapors of 
volatile compounds are very poisonous, especially those of compounds of 
zinc, lead, and mercury. Many organometallic compounds can cause 
severe blistering of the skin. Organomercury compounds are especially 
strong vesicants. Organolead compounds can cause chronic or acute lead 
poisoning by absorption through the skin. Gasoline containing tetraethyl¬ 
lead should not be used for cleaning because contact of the lead com¬ 
pound with the skin, as well as inhalation of the vapors, may cause either 
acute or chronic lead poisoning. Body cells decompose organometallic 
compounds, forming inorganic salts, many of w hich attack enzymes. 

B. Flammability 

Organometallic compounds of alkali metals, metals below magnesium 
in the alkaline earth group, and zinc are p>rophoric. That is, they take 
fire immediately upon contact with the air. These compounds and their 
solutions must be handled under inert atmospheres. Grignard reagents 
and some organoiithium compounds are not dangerous in this respect, 
although they do react with oxygen, thus diminishing the yield of desired 
products. In any case, exclusion of oxygen is a matter of expediency. 

C. Sensitivity to Atmospheric Constituents 

The sensitivity of many organometallic compounds to constituents 
ordinarily present in the atmosphere, besides presenting a definite hazard 
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in some instances as above, calls fot special provisions in their utilization. 
Even organometallic compounds which are not spontaneously flammable 
may react with oxygen to form metallic alkoxides and alkyl peroxides of 
little value. 

Other atmospheric constituents to which these reagents are sensitive are 
moisture and carbon dioxide. The more active the metal the more sensi¬ 
tive the organometallic compound. Thus, for many organometallic com¬ 
pounds a dry, inert atmosphere such as nitrogen is needed. For Grignard 
syntheses, the cost and bother of furnishing such an atmosphere may be 
more than the value of the reagent lost by reaction with air. Hence, often 
the only precaution taken in such syntheses is the exclusion of moisture. 
However, if the Grignard reagent must be heated under reflux for any ex¬ 
tended period of time, the loss of reagent by atmospheric oxidation is 
substantial. 

No problems arise in atmospheric contact with organomercury, organo- 
lead, or other unreactive organometallic compounds. Some of these are 
inert even toward weak acids (eq. 1). 

19-5 CHEMICAL REACTIONS 

As synthetic intermediates, the most important organometallic com¬ 
pounds are Grignard reagents. These are emphasized heavily in the 
ensuing discussion. The formulation RMgX is used, although a more 
accurate representation is RMgX • 2(CH ) CH I ) 2 0, in which the mag¬ 
nesium is tetrahedral and has a completed octet. 

A. Reactions with Oxidizing Elements 

The reaction with oxygen has been mentioned as detrimental in the use 
of more active organometallic compounds. The reaction of alkyl Grig¬ 
nard reagents with oxygen has limited synthetic use in the preparation ol 
alcohols (outline 30), while aryl Grignard reagents give very poor yields 
of phenols. The oxidation reaction proceeds through the hydroperoxide 
salt (eq. 31), which is then reduced by another mole ol reagent (eq. 3_). 
The reaction of aryl Grignard reagents fails because the second step does 
not proceed well. One can use an alkyl Grignard reagent to reduce 
ArO—O—MgX compounds to phenols in good yield. 

H O* 

(30) 2 RMgX + Oj — 2 ROMgX -— ROH 

(31) RMgX + O, — R —O — O —MgX 

(32) R—0—0—MgX + RMgX — 2 ROMgX 

The reaction of Grignard reagents with elemental sullur proceeds to 
give thiols or thiophcnols (outline 33). 
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H"*" 

(33) RMgX + S — RSMgX -* RSH 

As has been mentioned, organometallic compounds low in reactivity do 
not react with oxygen. However, free halogens are very powerful oxidiz¬ 
ing agents, hence even relatively inert organometallic compounds are 
attached by chlorine and bromine. 

The halogenolysis reaction has little preparative value, but can be used 
to establish the position of metallic atoms on an organic molecule, since 
the halogen atom takes the position of the metal atom removed. The 
method is most useful when applied to organometallic compounds that do 
not react with carbon dioxide, which gives more reliable results with the 
more active organometallic compounds. 

(34) R—M—X + X 2 — R —X + MX 2 
B. Reactions with Acidic Compounds 

Strong acids are much more active than oxygen in reacting with organo¬ 
metallic compounds, but fall below halogens in reactivity. Thus, even 
nitric acid fails to cleave some crganomercury compounds readily cleaved 
bv bromine. 

Active organometallic compounds can be considered strong bases in¬ 
volving virtual carbanions. The nearly complete lack of acidity in hydro¬ 
carbons (§10-2) means that a carbanion is a very efficient hydrogen-ion 
trap. Water, for example, attacks a Grignard reagent to give a hydro¬ 
carbon molecule (eq. 35). The remaining magnesium compound reacts 
further with the water. The reaction is catalyzed by acids. 

(35) R—Mg —X + H —O —H -* RH + HO—Mg —X 

(36) R—Mg — X + H + — RH + [MgX] + 

Potentially acidic compounds which form moderately stable anions 
protonate Grignard reagents. This means that any compound which has 
hydrogen on halogen, oxygen, sulfur, nitrogen, or even certain carbon 
atoms (e.g. 1-alkynes and cyclopenladienes), such as water, alcohols, 
mercaptans, primary and secondary amines, simple amides, alkynes, fatty 
acids, mineral acids, and phenols, decompose Grignard reagents to form 
a hydrocarbon and the salt of the active hydrogen compound. 

Of all these reactions, only exchange reactions involving active hydro¬ 
gen on carbon atoms have any genera! preparative value. Hydrolysis with 
deuterium oxide can be used to introduce deuterium into hydrocarbons. 
Otherwise, the rest are reactions that trap the unwary student who at¬ 
tempts to synthesize Grignard reagents with hydroxy groups or amino 
groups in them or who expects Grignard reagents to react at carbonyl 
groups when there are such acidic groups in the same molecules. Since 
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this is not possible, the student must be on guard against any such faux 
pas in problem or laboratory work. 

An example of the use of an exchange reaction to prepare an acety lenic 
Grignard reagent, otherwise very difficult to obtain because of the diffi¬ 
culty of preparing the corresponding halide, is the reaction represented 
in eq. (37). 

(37) R—C=C—H + R'MgX — R — C=CMgX + R'H 

Another example of metallation of a hydrocarbon is the preparation of 
a fluorenylmagnesium halide from fluorene (eq. 38). 

H H H MgX 



fluorene 9-fluor*ny!mogn#sium Kolide 


C. Reactions with Halides and Sulfates 

Of all the reactions of Grignard reagents, the reaction with an alkyl 
halide or sulfate, called coupling , is the slowest. Were this not the case, a 
Grignard reagent could hardly be prepared at all. The reaction is subject 
in an immoderate degree to side reactions, the most extensive ol uhich is 
disproportionation. This results in formation of units of alkene and 
alkane of the same size as the original alkyl groups, rather than coupled 
products containing both groups. 

Coupling is useful synthetically only with three types of halides. I hese 
are tertiary halides, (eq. 39). allylic halides (eq. 40), and a-haloethers 
(eq. 41). 

R 


(39) 

R'MgX 

+ 

RjCX 

— R'C — R + MgX 2 

1 

D 

(40) 

R'MgX 

+ 

II 

CM 

X 

K 

= CH — CH 2 CI - R' — CH 2 — CH = CH 2 + MgXCI 

(41) 

R'MgX 

+ 

1 

BrC — 

OR' — RC—OR' + MgXBr 


The latter reaction is used for the synthesis of a-olefins through the Board 

synthesis.- 

Br 

(42) CHj=CH O — CjHj + Br 2 - BrCH 2 C— H 

OC 2 H 5 

cr,/J-dibromo«thyl 
•fbyl etb«r 


•thyl vinyl *th+r 
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R 

I 

* BrCH 2 —CHOC 2 H s 

RCH=CH 2 + ZnBrOC 2 H 5 

Another coupling reaction which involves an organometallic compound 
is the Wurtz reaction. In this reaction no attempt is made to isolate an 
intermediate organometallic product, but the proportions of reagents are 
such as to promote coupling. Nevertheless, the steps of the reaction are 
doubtless those represented in eqs. (45) and (46). 

(45) R — X + 2 No —* R—No + NoX 

(46) R —No + R —X — R—R + NoX 

The Wurtz reaction is sometimes a good way to synthesize symmetrical 
compounds with nonacidic and nonreducible groups. However, reactions 
of mixed halides with sodium give all possible products. Except when 
there are directive influences tending to offset the statistical probability, 
the maximum yield of mixed coupling product is 50° o . 

In reactions between aryl halides, alkyl halides, and sodium, there is 
just such a directive influence. This is the unreactivity of an aryl halide 
to nucleophilic displacement. Advantage is taken of the preference for 
mixed coupling between aryl halides and alkyl halides in the Wurtz-Fitlig 
reaction. 

(47) ArBr + RBr + 2 No — Ar—R + 2 NaBr 

Other reactions of preparative interest are olefin formation and cycliza- 
tions brought about by action of active metals on dihalides (see §13-1 
and §13-4C). 

(48) R —CH —CH —R' + Zn —■ R—CH = CH — R' + ZnBr 2 

Br Br 

(49) R —CH —CHj —CH —R' + 2 No - 

I I 

Br Br 

(50) Br—- C H 2 CH ? — CH 2 — CH 2 — CH 2 — Br 

pentamethylene bromide 

/ ch 2 ch 2 

CHj + Mg 2 * 2 Br~ 

X CH 2 — CH ? 

cyclopentane 

Three-carbon to six-carbon rings are particularly easy to form by inter¬ 
nal coupling. 


R —CH —CH 2 + 2 (No* Br* ) 

X CH 

R' 

+ Mg -*■ 
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QUESTIONS AND PROBLEMS 


1. What is an organometallic compound? What precautions are necessary in 
handling one? 

2. What is a Grignard reagent? What precautions are necessary to assure a 
good yield in a Grignard synthesis? 

3. List only the compounds which are organometallic Irom those given below 
Write their structural formulas. 


a. sodium benzoate f. 

b. silver acctylide g. 

c. diisobutylzinc h. 

d. 2-chloromercunphenol i. 

e. aluminum isopropoxide j. 


4. Write equations for the reactions that 
mixtures listed below. 


a. n-propylmagnesium bromide f. 
and ethanol 

b. phenylmagnesium bromide and g. 

sulfur 

c. isopropylmagnesium bromide h. 

and acetic acid 

d- 1,4-6/.y-acctoxymercuribenzcne 

and iodine i. 

e. n-butylmagnesium bromide and j. 

calcium 


ethyl sodioacetoacetate 
phenyllithium 
allylmagnesium chloride 
dimethy Idichlorosilane 
letramethy Head 

occur between the reagents in the 

allylmagnesium chloride and 
cadmium chloride 
boron trichloride and ben/vl- 
magnesium chloride 
phosphorus trichloride and 
excess phenylmagnesium 
bromide 

norbornene and diborane 

tripheny Iphosphinebenzy lidene 

and methy l ethyl ketone 


5. Show how the following compounds can be prepared Irom the suggested 
starting materials and inorganic reagents. Use structural formulas lor organic 
compounds. Indicate essential special conditions. 


a - triphcnylsilyl chloride from 
benzene 

b. propylidcnecyclopentanc from 
benzene, propylene, and cyclo- 
pentanone 


c. /j-tolyImercuric acetate Irom 
toluene and acetic acid 
d cyclohexy Imethanol from 

benzene, cyclohexanone, and 
methyl iodide 




Nucleophilic 
Displacements and 
Additions in 
Unsaturated Systems 


III. Grignard Syntheses and Hydride Reductions 


20-1 GRIGNARD SYNTHESES AND SIMILAR REACTIONS BY 
OTHER ORGANOMETALLIC COMPOUNDS 

Most of the synthetically important reactions of Grignard reagents are 
those with polar unsaturated groups. The reactions can be generalized as 
represented in eq. (1). The group A might be a carbon atom with its other 
two valences satisfied by hydrogen atoms or alkyl groups, etc., and 
B might represent an oxygen, sulfur, or nitrogen atom. 

(1) RMgX + A = B — R—A—BMgX 

A. Mechanism of Grignard Syntheses by Addition 

A Grignard reagent acts on a polar unsaturated bond in much the same 
way as any other nucleophile. The magnesium atom probably augments 
the electrophilic character of the active carbon atom (eq. 2) by coordina¬ 
tion with the hetero atom. This complex now may rearrange with the 
anionoid alkyl or aryl group migrating to the cationic carbon atom (eq. 3). 

Y \ i ♦ i . © 

— C —O: MgX 

' i 

\ .O MgX 

X R 


' \ 

(2) y C=0- + RM 


W 


\ O 

(3) c=o 

W — X 

R 
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Whether W or Y splits off the molecule, along with the halomagnesium 
ion, depends on the same considerations that govern removal of HW or 
HY under similar circumstances. For example, groupings such as I and II 
are unstable and thus eliminate the indicated molecules or ions. Since 




\ / 
/ C \ 


Cl 


OMgX 


I 



\/ OR ' 

R^ X OMgX 
II 






+ 


MgXCI 


\ 

c=o 

R / 


+ R'OMgX 


these eliminations occur rapidly, leaving reactive aldehydes or ketones in 
the reaction mixture, these are then attacked further by the reagent. 

If the product of cq. (3) is stable, the desired metal-free organic com¬ 
pound can be liberated by hydrolysis with dilute acid. If the compound is 
sensitive to acid, aqueous ammonium chloride is used. 

B. Aldehydes and Ketones 

Ketones react with Grignard reagents to give salts of tertiary alcohols. 
All aldehydes except formaldehyde give salts of secondary alcohols. 
Formaldehyde gives primary alcohols having one more carbon atom than 
the original reagent. 

(6) R—MgX + CH 3 =0 — R —CH,—OMgX 

R' 

(7) R—MgX + R'CH=0 — R — CH — OMgX 


( 8 ) 


(?) 


R—MgX + R' —C —R” 

II 

O 


R' 

R—c—o—MgX + H + 

R" 


- R' 

I 

R —C—O- MgX 

I 

R” 

R' 

R —C—OH + Mg 2 * + X 

I 

R" 


The preparation of w-chlorophenylmelhylcarbinol in 85 u „ yield Irom 
/ w-bromochlorobenzenc is a good example of the formation of secondary 
alcohols as well as a clear demonstration of the formation ol Grignard 
reagents from ary! bromides and not from aryl chlorides ($I9-2B). 
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OMgBr 




An example of the reaction of ketones with Grignard reagents is the 
formation of 3-methyl-3-hexanol. 


Mg 

(11) CH 3 CH 2 CH 2 Br -CH 3 CH 2 CH 2 MgBr 


CH 3 COCH2CH 3 


OMgBr OH 

I H + I 

ch 3 ch 3 c—ch 2 ch 2 ch 3 -* ch 3 ch 2 c—ch 2 ch 2 ch 3 

ch 3 ch 3 

A reaction which probably involves steps like addition of a Grignard 
reagent to an aldehyde is the Reformalsky reaction. This is the synthesis 
of a hydroxy ester by treating an alpha-halogenated ester with zinc in the 
presence of an aldehyde. The intermediate organozinc compound adds to 
the reactive aldehyde but not to the much less reactive ester group. 


(12) R—CH=0 + Zn + BrCH 2 COOC 2 H s 


ethyl bromoacetate 


R—CHCH 2 C0 2 C 2 H 5 
OZnBr 


(13) R—CH—CH 2 —CO ? R' + H + — R—CH—CH 2 C0 2 R' + Zn 2+ + Br 

OZnBr OH 

0-hydroxyestar 

BrZnCH 2 COC 2 H 5 

II 

o 

ethyl bromozincoacetote 
intermediate 


C. Epoxy Compounds 

Although not polar unsaturated compounds in the usual sense of the 
term, epoxides, like other small ring compounds, are unsaturated in be¬ 
havior. They react with Grignard reagents much like aldehydes and 
ketones. For example, ethylene oxide adds Grignard reagent to give a 


GRIGNARD SYNTHESIS AND SIMILAR REACTIONS 43 9 


primary alcohol in which the-carbon chain has been lengthened b> two 
carbon atoms. The yield of n-hexyl alcohol from w-butyl bromide is about 
60%. However, reactions with higher epoxy compounds are often not use¬ 
ful as the epoxide may rearrange to an aldehyde or ketone before addition. 

(U) RMgX + CH 2 — CH 2 — R —CH 2 —CH 2 

\ / / 

O XMg — O 

(15) RCH 2 CH 2 OMgX + H* — RCH 2 CH 2 OH + Mg 2 * + X' 


D. Acid Derivatives 

Acyl halides, acid anhydrides, and esters react with Grignard reagents 
to give tertiary alcohols. The initial addition complex of each of these 
compounds is unstable (§20-1 A). The intermediate formation of a ketone 
from the first addition complex is the key to the formation of a tertiar> 
alcohol (eq. 17). 


(16) C 6 H 3 MgBr + CH 3 CH 2 COC 2 H 3 

O 


CHjCH ? 

I 

C 6 H 5 — c — OC 2 Hj 
_ OMgBr _ 


C 6 Hj— c—CH 2 CHj + C 2 HjOMgBr 
O 


(17) C 6 H s MgBr + C 6 H 3 —C~ CH 2 CH 3 — 

O 


CH 3 CH 2 

C 6 H s — C — C 6 Hj 
OM gBr 


Note that the reaction of an ester with a Grignard reagent gives a ter¬ 
tiary alcohol with at least two of the groups alike. 

Carbonates can undergo this sequence twice (eqs. 18 20). The product 
is thus a tertiary alcohol with three like groups. 






C 2 H 3 -<j> 

u 

'-*n»MgBr + C 2 H 3 0— C—OC 2 H 3 

1 

O 

* 

c 4 h 3 c 



OMgBr J 

C 6 HjCOC 2 H 3 + CjHjOMgBr 

O 




C 6 H 3 MgBr + C 6 H 3 COC 2 H 3 — 

C 

6 H 3 

1 

fojt 

C*H 3 - 

-c— OC 2 H 3 

—— 

II 


1 

• 

O 

— 

OMgBf — 


C 6 H 3 —c —c 4 h j + C 2 H 3 OMgBr 





O 


♦ost 
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(20) C 4 H 5 MgBr + (C A H 5 ) 2 C=0 — (C 6 H 5 ) 3 COMgBr 

Since the second step (eq. 19) has a rate of the same order of magnitude 
as the first step (eq. 18), a large excess of the carbonate is able to compete 
favorably with the product ester in reaction with the Grignard reagent and 
thus to give a good yield of ethyl benzoate in the above example. 

The reactions with chlorides and anhydrides are completely analogous, 
with the appropriate groups replacing —OC 2 H 5 in the equations above. 

Addition of Grignard reagent to A , ,A r -dialkylamides can be used to 
prepare ketones, since the initial addition complex does not decompose. 
(Why is a simple amide not suitable?) Since the ketone is not produced 
until the Grignard reagent is destroyed (eq. 22), it is not further attacked. 

(21) RMgX + R'—c—N(CH 3 )j — R N(CH 3 ) 2 

C ^ 

O / \ 

R' OMgX 

( 22 ) 

R x / N(CH 3 ) 2 

/C + 2H + — R—C —R' + (CH 3 ) 2 NH 2 + + Mg 2+ + X" 

R' X OMgX ^ 

An organocadmium halide is much less reactive than a Grignard re¬ 
agent. It reacts readily with acyl halides, but not with ketones. Thus, the 
formation of ketones with organocadmium halides does not cause tertiary 
alcohol formation, but provides a good ketone synthesis (eq. 23). 

(23) CHjCHjCdBr + CH 3 CHCH 2 CCI — 

I II 

ch 3 o 

ethylcadmium isovoleryl 

bromide chloride 

CH 3 CHCH 2 CCH 2 CH 3 + Cd 2 * + Cl" + Br" 

CH 3 O 
5-methyl* 3-hexanone 

(24) RCdBr 4- R—C — R' no further reaction 

li 

o 


Cl 

I 

ch 3 chch 2 c—ch 2 ch 3 

CH 3 OCdBr 


E. Nitriles 

Nitriles can be used to prepare ketones more conveniently than dialkyl- 
amides. 

(25) RMgX + R' — C = N — R—C—R' 

II 

N —MgX 
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(26) 

R—C—R' + 2H + + H 2 0 — R —C —R' + NH 4 * + Mg 2 * + X" 

II II 

N—MgX O 

F. Cumulated Unsaturated Compounds 

Grignard reagents add to the carbonyl groups of ketenes and isocyan¬ 
ates to give ketones and amides, respectively. 


(27) 

RMgX + R' 2 C=C=0 

— R' 2 C=C — OMgX 

R 

(28) 

R'jC=C—OM gX + H* 

— R'jCH — C = 0 + Mg 7 * 

R 


R 

(29) 

RMgX + R' — N=C=0 

— R' — N = C — OMgX 

R 

(30) 

2 R' —N=C—OMgX + 

R 

2 H 2 0 — 


2 R'—NH—C—O + Mg(OH) 2 + Mg 7 * + 2X' 

R 


Isothiocyanates react to form thioamides. 

The simpler cumulated unsaturated compounds, carbon dioxide and 
carbon disulfide, are also useful reagents in Grignard syntheses. These 
compounds add Grignard reagent to form salts of carboxylic acids and 
dithio acids, respectively (eq. 31). The free acids can be obtained from 
the salts in the usual manner. Excess of carbon dioxide or carbon di- 

(31) 2 RMgX + 2 0=C = 0 — 2 R — C — O" Mg 7 * + Mg 7 ' + 2X 

II 

O 

sulfide must be maintained. Otherwise, the Grignard reagent may add to 
the salts to give ketones. Carbonation ol a Grignard reagent is ac¬ 
complished satisfactorily by pouring the reagent onto solid carbon di¬ 
oxide broken into small pieces. Besides its use as a synthetic tool, 
carbonation of the Grignard reagent serves to establish the position of 
attachment of the magnesium in the organometallic compound. Organo- 
lithium, organosodium, and organocalcium compounds behave similarly. 

20-2 REDUCTION BY METAL HYDRIDES 

Two very useful reagents for the reduction of organic compounds with 
polar groups arc lithium aluminum hydride and sodium borohydride. 
These compounds are similar in their reactions, but lithium aluminum 
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hydride is by far the more powerful of the two. Compounds reduced by 
lithium aluminum hydride are carbonyl compounds of all types, including 
aldehydes, ketones, esters, and carboxylic acids; epoxides, various organic 
sulfur compounds in higher oxidation states, nitro compounds, and 
halides. Sodium borohydride is more specific for carbonyl compounds, 
such as aldehydes, ketones, and acyl halides. Esters are reduced slowly, 
if at all, by sodium borohydride. 

A. Types of Reactions. 

The behavior of lithium aluminum hydride is considered to be analo¬ 
gous to that of Grignard reagents. The hydroaluminate ion performs the 
functions of the hydride. The following equations show the action of 
the hydroaluminate ion with carbonyl compounds, active hydrogen com¬ 
pounds, and halides. 

An aldehyde displaces from one to all four of the hydrogen atoms from 
the hydroaluminate ion probably in the manner indicated in eq. (32). 
Hydrolysis of the product gives an alcohol (eq. 33). 


(32) AIH 4 + R —C —R' 

II 

O 


H H 

\ / 

H —Al.O (—> (H 3 AI — O — CH — R) 

: ; i 

R 

H.C —R' 

I 

R 


(33) R' 

Al(0 — CH — R') 4 - + 4 H 2 0 — AI(OH 3 )(s) -f- OH" + 4 R—CH—OH 

R 


Esters and acyl halides also give alcohols. The reaction resembles that 
of Grignard reagents with similar compounds (§20-1). 

(34) LiAlH 4 + 2R —COC 2 H s — (RCH 2 0) 2 Al(OC 2 H 3 ) 2 Li 

O 

Except in unusual cases, conjugate addition (§22-1) does not occur with 
conjugated ene-ones and related aldehydes, esters, etc. Ordinary olefinic 
unsaturation is also not affected by borohydrides or aluminohydridcs. 

Vicinal epoxides are reduced with inversion of configuration (outline 
35). This reduction cannot, therefore, occur by a four-center reaction, but 
may involve backside attack by one hydroaluminate ion after coordina¬ 
tion of the oxy gen atom with another. 
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m -'V< 


II 


III 


aih 4 


-< 


H R 

R'' i ^ 

R OAIH 3 


R'" H,0 


© 


ond 


H 


R' 

R<* / 

C-C.. 

/ V *” 

HjAIO R'" 

© 


h 2 o 



Acidic hydrogen is completely displaced in reactions with lithium 
aluminum hydride, even in primary amines. The reaction may not inter¬ 
fere with reductions, provided that enough of the reagent is used to effect 
reduction as well as the acid-base reaction. On the other hand, sodium 
borohydride is so slow in its reactions with active hydrogen that it can be 
utilized in cold aqueous or ethanolic solutions at pH above 6. However, 
stronger acids must be avoided. 

Reduction of a halide is generally much slower than the other reactions. 
Sodium borohydride does not ordinarily remove halogen atoms, and 
lithium aluminum hydride does so only after the other reactions above 
have occurred. This means that halogenated carbonyl compounds can be 
reduced to haloalcohols (eq. 36). 


/ OH 

(36) 4CCIj—CH + BH 4 ~ — 4CCI 3 —CH 2 —OH + B0 2 ‘ + 2 H 2 0 

OH 

Typical Reductions by Hydrides 

Yields of alcohols from aldehydes, ketones, esters, anhydrides, and acyl 
halides are uniformly high (close to quantitative). 

(37) 4 R CH = 0 + A |h 4 - — Al(0 — CH,—R) 4 " 

( 3B ) Al(0—CH a —R) 4 “ + 4HjO — 4RCH 2 OH + Al(OH) 4 ' 
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(39) 2 R C O CjH 5 .+ AIH 4 - — Al(OC 2 H s ) 2 (OCH 2 R) 2 - 

O 


Even carboxyl groups are reduced by lithium aluminum hydride, the 
only reagent to accomplish this readily. 

(40) RCOH — LlAIH4 ► (RCH 2 0) 4 A|- —- *° --» RCH 2 OH 
O 

Nitriles and amides can be fully reduced to amines or partly reduced to 
aldehydes. 


(-* 1 ) 


R—C = N 


LiAlH 4 
4 equiv. 


h 2 o 

-* RCH 2 NH 2 


(42) 


R—C = N 


li AIH 4 
2 oquiv. 


h 2 o 

-► R — CH=0 


(43) 2R —C —N —R' + aIH 4 “ 

II I . 

O R" 


2 R—CH 2 — N—R' + AI0 2 ~ 

R" 


The reactions of lithium aluminum hydride with active hydrogen com¬ 
pounds have no significance in synthesis, since the metallatcd products are 
reconverted to the original active hydrogen compounds (or their reduction 
products if carbonyl or other reducible groups are present) upon hydroly¬ 
sis. The reactions have been used for quantitative estimation of the 
amount ol active hydrogen in compounds. An example is the estimation 
of the amount of enol form in tf-keto esters. Lithium aluminum hydride 
reacts so rapidly with both active hydrogen and carbonyl groups that both 
the enol and keto forms are quickly destroyed, maintaining the equilib¬ 
rium composition until all of the ester is used up. Since only the enol form 
produces hydrogen gas, the volume of gas obtained is directly a measure 
of the proportion of enol in the equilibrium mixture. 


(44) 4 CH 3 C CH ? C O — C 2 Hj + 3 AIH 4 

o o 



O 


O 


AI(OC 2 H 5 ) 4 ' 
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(45) 4CH 3 —C=CH—C—O — C 2 H s + 3 AIH 4 — 4 H,(g) + 

OH O 



C. Handling Hazards 

Metal hydrides present all of the hazards inherent in active organo- 
metallic compounds, including reactivity to moisture and pyrophorism. 
plus some of their own. Reactions with moisture, acids, and active hydro¬ 
gen compounds generate hydrogen gas, always a hazardous materia! to 
handle in common equipment. Some other products of such action are 
strong alkalies, hence dusts from metal hydrides must not be inhaled. 
Lithium ions are poisonous. So also are boron hydrides (boranes) pro¬ 
duced by the action of strong acids on sodium borohydride. 

Fires, so readily started by metal hydrides, arc very difficult to extin¬ 
guish. Water, carbon tetrachloride, and even carbon dioxide merely 
provide more fuel for the fire, since all three react vigorously with lithium 
aluminum hydride and, at combustion temperatures, with sodium boro- 


hydride. 




(46) 

4H,0 

+ 

AIH 4 " 

— 4 Hj(g) + Al(OH) 4 - 

(47) 

2 CCI 4 

+ 

2 AIH 4 " 

— 2CH 4 (g) + 2 Cl + AI 2 CI 4 

(48) 

4 COj 

+ 

3 AIH 4 ' 

— (CHjO) 4 AI + 2 AlOj 


An effective extinguisher is powdered limestone. 
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QUESTIONS AND PROBLEMS 

1. Explain why lithium aluminum hydride is a more powerful reducing agent 
than sodium borohydride. Base the explanation on the atomic structure and 
charge distribution in boron and aluminum compounds. 

2. Write equations for the reactions that occur between the reagents in the 
mixtures listed below. 

a. 2°-butylmagnesium bromide and c. acetaldehyde, zinc, and ethyl a- 

ethyl formate bromovalerate 

b. phenylcadmium bromide and d. ethylmagnesium iodide and car- 

ethyl formate bon disulfide 

3. Write equations for the reactions of lithium aluminum hydride and sodium 
borohydride with the following compounds. Give structural formulas for organic 
compounds. 

a. methyl i°-butyl ketone d. aldol 

b. benzalacetophenone e. methyl pivalate 

c. m-chlorobenzaldehyde 

4. Show how the following compounds can be prepared from n-propyl alcohol 
and suitable inorganic and organic reagents by the Grignard method. 

a. n-butyl alcohol d. methyl rj-propyl ketone 

b. 2-pentanol e. ethyl di-n-propyl carbinol 

c. butyric acid f. butyrophenone 


5. Complete the following outlines, writing the structural formulas for com¬ 
pounds required and the formulas of organic intermediates and products. 


a. phenylmagnesium bromide + (?) —* (?) — 

b. isopropylmagnesium bromide + (?) — (?) 
ketone 


c. n-butylmagnesium bromide + (?) 
amide 


HCI 


HCI 


HiO 


benzophenone 
— isopropyl phenyl 


;V-«-naphthyl valer- 


d. melhylmugnesium iodide + (?) 
acid 


f’) 

(?) — - (?) 


HCI 


HCI 


propynoic 


e. ethylmagnesium iodide + (?) — (?)-► 3,5-heptanedione 

6. Show how the following compounds can be prepared from ethanol and 
methanol as the only organic starting materials. Indicate essential inorganic re¬ 
agents and conditions. Use structural formulas of organic compounds. 


a. 2 -butyl bromide c. diisopropyl ether 

b. /j-butyl alcohol f. i°-butylamine 

c. 3 -buty I alcohol g. 2-hydroxypropanoic acid 

d. 2-hydroxybutanoic acid h. 3-amino-3-ethylpentanc 
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1. Show how the desired compounds can be prepared either from the suggested 
raw materials or by adding the suggested increments to the molecule. Indicate 
reagents and essential conditions. Use structural formulas of organic compounds. 


a. benzoic acid from benzene 

b. dimethyl-n-propylcarbinol from 
acetone 

c. methyl vinyl ketone from ketenc 
and acetylene 

d. ethyl i*-butyl ketone from iso¬ 
butylene and propionitrile 

c. 2-phenylethanol by adding two 
carbon atoms 

f. 1-phenylethanol by adding two 
carbon atoms 


g. triphenylcarbinol b> adding a 
phenyl group twice 

h. ethyl cyclohexanecarboxylate by 
adding the ethoxycarbonyl group 

i. 2- l4 C-acetonilrile from sodium 
l4 C-carbonale 

j. I- ,4 C-elhanol from methanol 
and sodium 14 C-carbonate 

k. N, /V-di- 2 H-isopropylamine from 
acetone and deuterium oxide 




Reactions of “Active 
Hydrogen” Compounds. 
Ends and Enolates as 
Intermediates 


21-1 GENERAL CONSIDERATIONS 

Hydrogen atoms which are alpha to polar unsaturated n bonds are 
acidic (see §10-2D) because of resonance stabilization of their conjugate 
ases. Many reactions of such compounds proceed through their con¬ 
jugate bases, or enolate ions. These include base-catalyzed or base- 
promoted halogenations. deuterium exchange, condensations, alkylations, 
racemizations (§31-9A), among others, of aldehydes, ketones, esters, 
mtri es, and primary and secondary nitro compounds as well as of certain 
aromatic compounds. Acids catalyze the transformation of these com- 
poun s to their enol forms, which are intermediates in the analogous 

acid-catalyzed reactions. 


21-2 KETO-ENOL AND ANALOGOUS TRANSFORMATIONS 

The transformation of an aldehyde or ketone to its enol (eq. 1) and the 
reverse reaction are catalyzed by both acids and bases. In general, the 


H 


O 

II 


(1) —c-c- 




OH 


keto form is the more stable, and with simple aldehydes and ketones the 
eno orm is present only in microscopic amounts. With more complex 
systems the enol form reaches easily measurable quantities and in certain 
cases even predominates. The mechanism for base-catalyzed enol forma- 
'on mvolves first the removal of a proton from the « carbon atom (eq. 2) 
o give resonance-stabilized enolate ion, which then, in the absence of 

er reagents wit which the enolate might react more rapidly, accepts a 
proton on the oxygen atom (eq. 3). 

448 
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H 

I 

C 

I 

R 


(2) R—C—C — R + B 


ilow 




© 

R—C—C—R 


R — C = C 

R 


\ 


+ BH 


A- 

o 

*. /• 

RCrr^C' 

l \ 

enolote ion 


(3) 1 


BH 


lost 


R OH 

>-< 

R R 


B 


•nol 


As all of these reactions are reversible, it should be clear than this process 
predicts that there will be hydrogen exchange with the solvent (if BH is the 
solvent). This can be observed by conducting the reaction in a solvent 
which is deuterium- or tritium-labeled. As both the enolate ion and the 

°- 

enol are planar at the ^C=C^ portion of the system, a ketone 


which is optically active at the a-carbon atom, such as 


H O 

I II 

CHj—C — C — C*Hj 
c*H 5 

will undergo base-catalyzed racemization readily. One notes that this 
reaction should have the same rate as that for deuterium exchange, as 
both reactions have eq. (2) as the rate-determining step. 

Acid-catalyzed cnol formation proceeds as shown in eqs. (4) and (5). 
Again, the reversibility of the reaction and the fact that eq. (5) represents 
the rate-determining step explain the observation that deuterium exchange 
and loss of activity in suitable systems proceed at similar rates. 


„ -LL 


r 


i 


R + HA 


fait 


H 

I 

R —C — 


© 

OH 

II 

C —R 


H OH 


R — C — C R 

I © 

R 


+ A 


ketor>e con|ugote cotion 
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fi ♦ 

H OH 

I I: 

(5) R—C—C—R + • A~ 

ft ♦ 

R 



enol of ketone 


HA 


A. Acid-Catalyzed Halogenation 

When an aldehyde or ketone is treated with chlorine or bromine, 
halogenation results. An example is given in eq. (6). It is observed that 
the reaction is catalyzed by acids. As the product hydrogen halide is a 
strong acid, the reaction is autocatalytic. 



The function of the acid is to convert the carbonyl compound to the enol 
(eqs. 4 and 5), which is then halogenated by a variation of the standard 
olefin reaction with halogens. Donation of a positive halogen species to 
the double bond (eq. 7) is followed by a proton loss from the conjugated 
acid of the bromoketone to give bromoacetophenone (eq. 8). Enols of 



Br—Br 



»+/: I 

HO Br 


bromoketone 
conjugate acid 



( 8 ) 



H 


HO' 

A 


c—c 
/• I 


— H 


Br 


Br 



— CH,Br 


HBr 


R H 

R OH 

\ / 

\ / 

C = C 

c=c 

/ \ 

/ \ 

R OH 

R OR 

enol of 

enol of 

oldehyde 

eiler 


R OH 

\ / 

C = C 

/ \ 

R Cl 

enol of 
acyl chloride 


aldehydes, esters, and acid chlorides can all be halogenated. The latter 

and the bromine analogue are the intermediates in the Hell-Vo'lhard- 
Zelinsky reaction. 
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The Hell-Volhard-Zelinsky reaction is an extremely useful synthetic 
procedure for the preparation of a-chloro and a-bromo acids. It involves 
treatment of acids with halogen and a small amount of red phosphorus, 
and probably involves the following steps. An a-halo acid halide can be 
obtained if equivalent phosphorus is used, or exchange with acid may 
occur (eq. 13) if only catalytic amounts of phosphorus are used. 

(9) 2 P + 3 Br 2 —' 2 PBrj 

(10) 3 RCHjCOjH + PBr 3 — 3RCH 2 COBr + H 3 P0 3 


(11) RCH 2 C—Br — RCH=C v 

Br 

O 

+ Br 2 — RCHBrC —Br + HBr 


O 

(13) RCHBrC Br + RCH 2 COOH — RCHBrCOOH + RCHjCOBr 

As the halo-carbonyl compound is a weaker base (due to inductive 
effect of halogen compared with hydrogen) than the corresponding car- 
bonyl compound, the equilibrium represented in eq. (4) is muc css 
favorable for it than for the original ketone (or other carbonyl com- 
pound). The result of this is that it is more difficult.to put in the second 
halogen than the first one and still harder to replace a thir y rogen. 
This has the important result that one can therefore control the chlorina¬ 
tion or bromination of these compounds to give monohaloketones, di- 
haloketones or trihaloketones in good yield by adding precisely the 
stoichiometric amount of halogen (eqs. 6, 14, and 15). 


(12) RCH=C 




OH 


Br 



HBr 


+ HBr 


Only a-hydrogens arc replaced by acid-catalyzed halogenation, as only 
these are involved in enol formation. If no a-hydrogens are present, 
these reactions do not occur. Of course, other functional groups may 
react by other mechanisms. For example, benzaldehyde is inert to the 
acid-catalyzed chlorination, but readily undergoes free-radical chlorina- 
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tion (sec §15-3) to give benzoyl chloride. This is an industrial prepara¬ 
tion (eq. 16). 


(16) 



+ Cl 2 


peroxide 
or heat 



+ HCI 


B. Base-Catalyzed Halogenations 

Base-catalyzed halogenations occur through the intervention of the 
enolate ion (eq. 2), followed by reaction of the ion with halogen or halo¬ 
gen donor (eq. 17). This is known because the rates of iodination. 


t- 

R O 

(17) 

R R 


XY 


fast 


X 

I 

R—C— 


O 

II 

c—R 


bromination, and chlorination of a given ketone are all identical, inde¬ 
pendent of halogen donor concentration, and identical with deuterium- 
exchange rates in the absence of halogen. This is because the slow step 
in all of these reactions is the formation of enolate ion. 

In base-promoted halogenation the second halogen is substituted faster 
than the first and the third faster than the second, whenever there is more 
than one alpha hydrogen available on the same carbon. The acid 
strengths of the three ketones, methyl, bromomethyl, and dibromomethyl, 
increase in that order due to the electron-attracting ability of halogen 
compared with hydrogen and, as might be anticipated, their rates of re¬ 
moval by bases also increase in that order. For this reason it is not 


O 

II 

R — C—CH 3 

methyl 

ketone 


o 

II 

R—C—CH 2 Br 

bromomethyl 

ketone 


o 

R — C — CHBr 2 

dibromomethyl 

ketone 


ordinarily possible to replace less than all of the active hydrogen atoms 
on a given a-carbon atom by a base-catalyzed reaction. 


21-3 THE HALOFORM REACTION 

The ready reaction of methylcarbonyl compounds with halogens in the 
presence of bases to form trihalomethylcarbonyl compounds is used in the 
haloform reaction. Here the reagent is ordinarily prepared by dissolving 
the halogen in sodium hydroxide solution (eq. 18), thus obtaining a solu¬ 
tion of sodium hypohalite, NaOX, at a pH low enough that some hypo- 
halous acid is present in equilibrium with hypohalite ion. The halogena 



THE HALOFORM REACTION 453 


tion then follows the course: 


(18) 

l 2 . + OH' — IOH 

+ r 

(19) 

IO" + h 2 o — 

IOH 

+ OH' 

( 20 ) 

RCOCHj + OH' 

— 

RCOCHj' 

( 21 ) 

RCOCHj' + IOH 

— 

RCOCH 2 1 


repeat to RCOCl 3 




+ 


h 2 o 

OH' 


Trihaloketones are readily cleaved by alkali to na.oiorm — — 
carboxylic acids (eq. 22). This reaction has a mechanism precisely analo¬ 
gous to that involved in ester hydrolysis (see §17-2) and represented > 
eqs. (23), (24), and (25). The overall reaction is called the haloform 

reaction. 

(22) RCOCI 3 + OH “ 

O 

II 

(23) RC—Cl 3 + OH 


RCOO' 

O 0 

I 

RC —CI 3 


CHlj 


OH 


© 

Q°\ 

(24) RC-^CIj 


O 

II 

RC —OH 


Cl 3 


OH 

O 


(25) RCOH + :CI 3 " — RCOO + CHI, 

The haloform reaction finds two principal uses. For analytical pur 
poses it is used to distinguish methyl ketones from other etones, as o er 
ketones have at most two a hydrogen atoms on a given car ° n a 5 >m 
therefore cannot give the haloform. Compare 2-pentanone wit - pen a 
none. Acetaldehyde is the only simple aldehyde giving the haloform re¬ 
action. Compare formulas below. For qualitative tests, sodium hypoio- 
dite is used rather than hypochlorite or hypobromite as iodoform is a 
water-insoluble solid with a characteristic melting point and odor and is 

therefore readily identified. 

O O 


CHjCCHjCHjCH, 

2'p«ntarx>n« 


CH3CH ? CCH ? CH 3 CH3CHO RCH3CHO 

- _ 3-pen,anone acetaldehyde h.gher akJehyde 

Primary and secondary alcohols are readily oxidized by hypohalite 
solutions and so mcthylalkylcarbinols and ethyl alcohol give positive 
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iodoform reactions. When a compound contains hydrogens more acidic 
than those of a methylcarbonyl function, halogenation occurs at this 
position and the iodoform test fails. Examples are acetoacetic esters and 
2,4-pentanedione, where the methylene group a to both carbonyl groups 


is halogenated. 


O O 

O O 



II II 

II II 

CH3CHOHR 

ch 3 ch 2 oh 

ch 3 cch 2 coc 2 h 5 

ch 3 cch 2 cch 3 

a methyl- 

ethyl 

ethyl acetoacetate. 

2 , 4 -pentanedione 

alkylcarbinol 

alcohol 

an acetoacetic ester 



As a tool in synthesis it is the resulting acid, not the haloform, that is 
the object of the reaction. Here hypochlorite or hypobromite is used. 
Yields of acids range from 40% to nearly 100%. Halogenation of methyl¬ 
ene groups on the side of the carbonyl group opposite to the methyl group 
accounts for most of the yield loss of acid from aliphatic ketones. 

Many oxidizable groups, including multiple bonds, are not affected by 
the hypohalite, so that this is especially useful for the conversion of methyl 
alkenyl ketones to the unsaturated acids. 



NaOCI 



CHCI3 


sodium 1 -(2,6,6-trimethylcyclohaxenyl)- 

acrylatc 


21-4 CONDENSATIONS 

The term condensation has been associated with two different reaction 
types in organic chemistry, not to mention the physical process. In one, a 
condensation is a reaction in which two organic molecules combine, then 
split out some small inorganic unit, such as water. In this sense, esterifica¬ 
tion and replacements of carbonyl oxygen are condensations. The second 
usage of the term applies to those reactions in which two organic com¬ 
pounds or 2 moles of one compound join together, forming a new carbon- 
to-carbon bond. In a limited sense, the term condensation applies only to 
those reactions in which one molecule containing a reactive carbon-to- 
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•hydrogen bond adds to another molecule having a polar unsatura e 

group in such a way that a carbon-to-carbon bond is formed. 

The overall reaction for the latter type of condensations is given as 

eqs. (27) or (28). 

AH 


(27) >C=A + H-C— - 9 


(28) R—C—Y + H—C 


_ —. or —C— + HY (or HB + Y ) 


A 

H 

RC 


A. Reactants .. 

The electrophile is a compound with a polar unsaturated bond, usua y 
carbonyl or cyano. Aldehydes, ketones, and acd derivatives such as esters 

af The 3 nucleophile is formed from a compound with an active hydrogen 
atom on a carbon atom. Some typical active carbon-hydrogen bonds are 

indicated by asterisks in the formulas below. ac as ^ 
attracting group (Z in eq. 29) which stabilizes a negat.ve charge on the 

conjugate anion. 

R—CH,—C—O—R 

* II 
o 

ester with 
a-hydrogen 


R — CH,— 


C —R 

ii 

o 


ketone with 
a-hydrogen 


(R — CH,— C — ) 2 0 

* II 
o 

anhydride with 
a-hydrogen 


R—CH, —NO 


R —CH, —CH 


CH —C—Y 

II 

O 


primary nitro 
compound 


a,d*unsoturated 
carbonyl compound 
with “y-hydrogen 


o 2 n 

2.4-*lectronegatively 
substituted toluone 


The active hydrogen compound itself is usua y not ct rar honvl 
transformed into a nucleophile by a basic catalyst (eq. - 
compounds, enolate-ion formation is involved (eq. 3 ). 


(29) 

1 


H —C 

z + 




(30) 

R —CH, —CY 


: B 


R 

0 :C— Z 
J 


H—B 


:B 


RCH — CY 

:i 

o 


HB 
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Ring-activated compounds can act as nucleophiles. 



* * 
phenol arylomine 


B. Specific Reaction Mechanisms 

The negative carbon atom in the intermediate at the right of the equi¬ 
librium (eq. 29) is a very powerful nucleophile. Even if present in hardly 
detectable amounts, it attacks the positive center of a carbonyl or like 
group so that a condensation occurs (eq. 31). 




r r' n 

i 

©:C — Z 

1 1 

R” 


1 

-•< 

-30 

_1 

(31) R —C — Y 

II 

O: 

+ 


i i 

R —C—C—Z 

1 1 
-O' R" 



_ _ 


• • 

L 0 J 


What happens to the addition product depends on the nature of R 
and Y. If Y can form a stable anionic group, it usually does so (eq. 32). 


(32) 


r y r' i 

R—C—C-2 

I I 

O: R" 

• • 


R' 

I 

R —C —C —2 

II I 

: O R” 


+ 



If this cannot occur, the basic oxygen atom may take a hydrogen ion 
away from a solvent molecule or another molecule of active hydrogen 
compound (eq. 33). 


R R' 

I I 

+ H — B — R —C-C — Z + B 

I 

:0— H 

• • 


the only fates awaiting condensed molecular frag¬ 
ments vs ill become apparent enough after a few examples are given. 

C. Typical Condensations 

Because condensation reactions are so often referred to by the names of 
their discoverers, one needs to learn to associate each type of condensa¬ 
tion with its name. 


(33) 


R—C—C—Z 

| | 

: O • R” 

0 


That these are not 
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(1) Aldol Condensations. The aldol condensation is a condensation be¬ 
tween 2 moles of aldehyde or ketone in the presence of a base to give a 
/J-hydroxycarbonyl compound. Aldehydes have the more reactive car¬ 
bonyl groups, hence undergo the condensation more readily than ketones. 
In fact, they undergo condensation so readily that they tend to polymerize 
in the presence of bases. Consequently, poor yields of products are often 

obtained along with considerable tar. 

The name aldol originates from the name given to the condensation 

product from acetaldehyde. 

NaOH _ 

(34) 2 CHjCH=0 * CH 3 CHCH,CH=0 

OH 

aldol; 

0-hydroxy butyraldehyde 

Steric factors operating in this reaction (note that the trigonal atom 
became tetrahedral) make the equilibrium point for ketones unlavorable 
to condensation. Hence, special methods are necessary to induce ketones 
to condense satisfactorily. In a reaction between an aldehyde and a 
ketone, the ketone furnishes the active methylene group, the aldehyde the 
carbonyl function. 

The method used to condense a ketone is illustrated by the preparation 
of diacetone alcohol, obtained in 7l H „ yield using barium hydroxide in a 
Soxhlet extraction thimble to catalyze the conversion out ol contact with 
the mass of product. Since the acetone is volatile, whereas the product is 
not, the small portion of diacetone alcohol that forms as the reaction 
progresses runs into the boiler, and remains there, while the recovered 
acetone distills up again to contact the catalyst. 

CH 3 

CHj—C—CH,—C—CH, 

in o 

diocetone alcohol 


(35) 2CH,—C — CHj 


BolOHh 


With acid catalysts, dehydration follows addition, l or example, ace¬ 
tone heated with hydrochloric acid gives mesityl oxide and with concen¬ 
trated sulfuric acid forms mesitylene. Acetaldehyde gives crotonaldehyde. 


CHj 

(36) 2 CHjCOCHj —° - CHjCCHCOCH 3 f H 2 0 

mesityl oxide 
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3 H 2 Q 


H + 

(38) 2 CH 3 CHO-* CH 3 CH=CHCHO + H 2 0 

crotonaldehyde 

(2) Claisen-Schmidt Condensations. The Claisen-Schmidt reaction is a 
type of condensation which uses an aromatic aldehyde and any ketone or 
aldehyde which has a methylene group next to the carbonyl group. Aro¬ 
matic aldehydes have no active methylene groups, but have very reactive 
carbonyl groups. Because of resonance stabilization in the unsaturated 
compound, water is lost readily from the initial product to give benzal 
(benzylidene) ketones and aldehydes. Yields are uniformly high under 
optimum conditions. 


(39) 



+ CH 3 — C — CH 3 

o 


10% NoOH 




benzalocetone; 

benzylideneocetone 


+ 


h 2 o 




dibonzolacelone; 

dib*nzylid«neaceton+, 

cinnamon® 


(3) Perkin Condensations. The type of condensation discovered by Sir 
William Perkin and bearing his name is the action of an aromatic alde¬ 
hyde on an acid anhydride in the presence of the salt of the acid. The 
aldehyde furnishes the active carbonyl group, the acyl anhydride the 
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active methylene group. A simple example is the condensation of benz- 
aldehyde with acetic anhydride in the presence of potassium acetate to 
give a yield of 72% of cinnamic acid. In this reaction, as in the Claisen- 
Schmidt condensation, the hydroxy group is lost to form water. There¬ 
upon, the water hydrolyzes the anhydride to form the component acids. 


(41) 


+ 


ch 3 —c—o—c—ch 3 

n 

o 


c 

II 

o 


KOCOCHi 






cinnamic acid 


CHj —C —OH 

II 

O 


(4) C/aisen Ester Condensations. Another important ^pe of condensa¬ 
tion is the Claisen ester condensation. In this reaction, , 

react with each other in much the same way as 2 mo es o a 
in the aldol condensation. Since esters are not as reactive a ' 

stronger bases are required to catalyze the reaction. c as * 

used is a sodium alkoxide, although sodium, sodium hydride, and soaa- 
mide are also used. 0-Keio esters are stronger acids than alcohols (^10- D 
and Table 10-3), so that such condensations are carried to completion > 
removal of the 0 -keto ester by ionization (eqs. 42 and 43). 


CjHjO 


o O 

CH 3 C-CH 2 C-OC 2 H 5 + C 2 HjOH 


(42) 2 CHjC—OC 2 Hj 

(43) CH,COCH 2 COOC 2 H s + C 2 H 5 0' — (CH 3 COCHCOOC 2 H 5 ) + C 2 H 3 OH 


When the resulting ^-keto ester has no a hydrogens the reaction m^y 

he forced to completion by removal ol one ol the pro ucts y ls 

(eq. 44) or by use of a very strong base, such as sodium triphenylmclh.de, 

so that the products are alkoxide ion and triphenylmethane. 
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O CH 3 

II I CjHjO' 

(44) C 6 H 3 COC 2 H 5 + CH 3 CHCOOC 2 H 3 - 

continuous 

distillation 

O CH 3 

II I 

C 6 H 5 C—CCOOC 2 Hj + C 2 H 3 OH(g) 

ch 3 


Cyclic 0-keto esters, such as ethyl cyclopentanonecarboxylate, can be 
prepared by a base-catalyzed condensation from esters of dicarboxylic 
acids. This variant is called a Dieckmann cyclization. Hydrolysis of this 
ester, followed by decarboxylation (§21-6B), leads to cyclopentanone. 


(45) 


O 

II 

X CH 2 —CH 2 —COC 2 H s 

CH 2 

x ch 2 —c—oc 2 h 3 

II 

o 


c 2 h 5 o- 


o 

II 


ch 2 


X 


CH2—CH—COCjHj 


CH, —C=0 


+ CjHjOH 


ethyl 2-cyclopentanonecarboxylate 


D. Reversibility of Condensation Reactions 

As denoted in some of the sections and equations above, condensation 
reactions are reversible and in many cases go forward only under special 
conditions. For many purposes the reverse of the condensation is the 
desired reaction. Mechanisms are precisely the reverse of the condensa¬ 
tion. A case where this is of particular use is in the cleavage of aceto- 
acetic ester (see §21-6B). 


215 AROMATIC RING CONDENSATIONS 

Nucleophilic compounds need not always be active methylene com¬ 
pounds. Phenols and aromatic amines, for example, are nucleophilic at 
the ortho and para positions. This type of nucleophile condenses very 
readily with aldehydes and ketones (eq. 46). Even unactivated aromatic 
compounds will condense with appropriate aldehydes in the presence of 
concentrated sulfuric acid. The preparation of DDT (eq. 47) is an 
example. 
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DOT 


If the reaction between phenol and formaldehyde is very carefully c °n 
trolled in the presence of a suitable acid catalyst, or simply upon mild 
heating, p-methylolphenol can be prepared (eq. 48). However, the reac¬ 
tion is difficult to stop at this point. Advantage is taken of the tendency 
for more molecules of phenol and formaldehyde to condense in the manu¬ 
facture of thermosetting resins. The first stages of the reaction are repre¬ 
sented in eq. (49). 



Similar condensations between benzaldehydc or its derivatives and 
aromatic amines or phenols have been used to prepare dyes related to 
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triphenylmethane. Malachite green is made by condensing 2 moles of 
dimethylaniline with 1 mole of benzaldehyde, followed by oxidation of 
the methane carbon atom to the carbinol and conversion of the carbinol 
to the cation (eqs. 50-52). 



N(CH 3 ), 



N (CH j ) 3 



N(CH 3 ) 7 
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© 

N(CHj), + 


H ? Q 


21-6 MALONIC AND ACETOACETIC ESTER SYNTHESES 

The 0-carbonyl esters, ethyl acetoacetate and diethyl malonate, have 
been extensively used in organic syntheses because of their ability to form 
sodium salts at the active methylene position and because of the several 
ways such compounds can be hydrolyzed. Alkyl halides react with the 
enol sodium salts to give carbon-alkylated derivatives, which can be 
hydrolyzed to give acids or ketones containing the substituent groups. 

A. Malonic Ester Syntheses of Carboxylic Acids 

The preparation of an alkylated acetic acid is shown in eqs. (53) through 
(58). Treatment of the ester with a strong base (eq. 53) (sodium ethoxide 
is-shown, but sodium hydride is often used) converts malonic ester to Us 

enolate ion. 


O 

I 

(53) CHjCH ? OCCH ? C—OC 2 H s 

ethyl molonote 


+ C 2 HjO = 




ww 

o 

i; 

c— oc 7 h s 


+ CjHjOH 


9 

ethyl molonote enolote ion (I) 


(54) | + rx 


O 

C 3 H,OC —CH —C —OCjH, + 


(55) CjHjOC — CH — COCjHj + 2 OH 

I 


0 


OC—CH —CO 0 


+ 


2 CjHjOH 
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(56) 


(OCOCHCO,) 2 ' + 2H + -* 

R 


HOCO—CH—C0 2 H 
R 


(57) HOCO—CH—COjH RCH 2 COOH + C0 2 

R 

O O O O 

II II H + II II 

(58) C 2 H s OC—CH—COCjH, ——— HOC—CH—C—OH + C 2 H 5 OH 

R R 

This may also be carried out with sodium metal (eq. 59). Sodiomalonic 
ester, I, a resonance hybrid with its charge distributed over two oxygen 
atoms and a carbon atom, is alkylated at the carbon atom to give a sub¬ 
stituted malonic ester. Hydrolysis of the ester (either acid- or base- 

O o 

II II 

(59) C 2 H 3 OCCH 2 C—OC 2 H 5 + No — I + £ H, + No + 

catalyzed) followed by decarboxylation gives the alkylated acetic acid. 

Disubstituted acetic acids can be prepared by introducing another alkyl 
group following eq. (54) and repeating the series of reactions on the 
alkylated malonic ester. The same alkyl halide or a different one may be 
used. The preparation of acetic acids is summarized in II, where the 
R groups originate from the alkyl halides and the atoms in boldface from 
the malonic ester. 



/"\ 

""'A 


COOH 


CH 



If an alkylene halide is used, two steps similar to eqs. (53) and (54), 
followed by hydrolysis and decarboxylation give a cyclic product. III. 

As most aryl halides arc inert to nucleophilic displacement reactions 
(see §22-6), arylmalonic esters cannot be made from halobenzenes and 
sodiomalonic ester. Instead one uses ethyl phenylcyanoacetate, which, 



COOCjHj 

ethyl phenylcyonoocetote 


R 
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R 


(61) 



C—CN 

I 

co 2 c 2 h 5 


C 2 H 6 OH 

oc 2 h; 



R co 2 c 2 h 


CO,C,H 


after alkylation, may be alcoholyzed to give arylalkylmalonic esters. Ethyl 
phenylcyanoacetate is prepared from phenylacetic acid via a-chloro- 
phenylacetic acid and a-cyanophenylacetic acid. 


(62) 0CH 2 COOH 


p 

02 


1. No 2 C0 2 

2. NaCN 


1. SOCI 2 

-* 0CHCOOC 2 H 5 

2. C 2 H 5 OH 

CN 


An additional important use for malonic esters is for the preparation of 
the important class of hypnotics called barbiturates (§42-11). 

Malonic ester is extensively used for the preparation of a-amino acids. 
The very first step is oximination of the active methylene group. Two 
hydrogen atoms on the group are essential for this step. 

(63) CjHjOC—CH 2 — COC 2 H 5 + HNO, — H,0 + 

o o 


N=0 

I 

C 2 HjOC—CH—COC 2 Hj 
O O 


N —OH 


c 2 h s oc— c —COC 2 H s + 



The second methylene hydrogen atom is necessary so that the nitroso 
compound initially formed (eq. 63) can tautomerize to an oxime. This is 
then reduced in a second step. The amine produced by the reduction is 
then formylated, and that product alkylated in the usual manner. 

O 

II 

N—OH NH—CH 

(64) C 2 H 5 OC C COC 2 H 3 I"— C 2 H s OC CH COC 2 H 5 

o o o o 

o o 

|| II NoOCjHj RX 

(65) C 2 H s OC — CHC—OC 2 Hj-* -* 

NHCHO 
O R 

II I 

c 2 h } —oc—c—COOC 2 H s 

NHCHO 
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Hydrolysis of the C-alkylated formamido malonate then gives the amino 
acid. Note,-however, that a dialkylated amino acid, R 2 C-C O", can- 

+ NHj O 

not be prepared by this method, since an amino group in the ester pre¬ 
vents dialkylation. 


B. Acetoacetic Ester Syntheses of Acids and Ketones 

Acetoacetic ester is treated like malonic ester for alkylation, to give 
monoalkylated products or dialkylated products. However, the fate of the 
/i-keto ester depends on the solvolysis conditions. With acid hydrolysis or 
with hydrolysis effected by dilute aqueous base, normal ester hydrolysis 
occurs, (eqs. 66 and 67). giving the acetoacetic acid, which is de- 
carboxylated on warming (eq. 68). As these reactions result in the forma¬ 
tion of ketones, treatment of acetoacetic esters with acid or with dilute 
base has come to be called “ketonic cleavage.” Solvolysis with concen¬ 
trated elhanolic alkali results in the formation of alkylated acetic acids, 
proceeding by the path represented by eqs. (69) through (72). 


O O 

II II 

ch 3 cch 2 c- oc 2 h 5 

ethyl ocetoacetate 

O 

( 66 ) CH 3 CCHC0 2 C,H 5 

R 
O 

II 

(67) CHjCCHCOOC 2 H 5 

I 

R 
O 

II A 

( 68 ) CH 3 CCHCOOH 

I 

R 


C O 

II II 

ch 3 cchc—oc 2 h 5 

I 

I 

R 

monoalkyloted 
acetoacetic ester 

o 

+ OH" —* CH 3 CCHCO" 

1 11 

R O 


O 


O R O 

ch 3 c— c—c —oc 2 h 

R 

dialkylated 
acetoacetic ester 

+ C 2 H 5 OH 


H* II 

+ H 2 0 - * CH 2 CCHCOOH + C 2 H 5 OH 

R 


O 

II 

- CH 3 CCH 2 R + CO, 


(69) OH 9 -t C 3 H'OH *=-' C 2 H 5 0' + H,0 


(70) 

O O 

li II 

CH 3 CCHCOC 2 Hj + 
R 


C 2 H 5 OH 


c 2 h 5 o 


o o 

II II 

CH 3 COC 2 H s + RCH 2 COC 2 K 5 


DECARBOXYLATION REACTIONS 467 


O 

(71) RCH 2 COC 2 H 5 + OH" — RCH 2 COO" + C 2 H 4 OH 

(72) CH 3 COOC 2 H 5 + OH" — CH 3 COO" + C 2 H 5 OH 

Note that the key in this reaction is the reverse Claise.n condensation 
(eq. 69) (see §21-4D). Because the products of the hydrolysis with con¬ 
centrated ethanolic alkali are salts of alkylated acetic acids, this reaction is 
generally called “acid cleavage.” 

Ketones and acids that can be prepared by these routes are indicated in 
IV and V, with the R groups deriving from alkyl halides and the portion 
in boldface originating from acetoacetsc ester. 


CHjC—CM 


/ 


R 


V 


R' 


^C—COOH 

x i 

H 


IV 


To prepare succinic acid derivatives or 1,5-hexanedione derivatives, 
2 moles of ester or monoalkylesler can be coupled by treating the sodio 

ester with iodine. 

O O 


CH 3 —C—CH —COC 2 H 5 


(73) (CH 3 COCHCOOC 2 Hj) 


+ I: 


+ 2 I 


CHj—C — CH — COC 2 H s 


21-7 DECARBOXYLATION REACTIONS 

Several examples of decarboxylation were pointed out in connection 
with the ester syntheses (§21-6A and §21-6B). 

A. Reaction Mechanisms 

Electron-withdrawing groups in the acyl radical of a carboxylic acid 
promote decarboxylation, particularly when they enhance the stability of 
the carbanion formed when carbon dioxide is eliminated. This suggests 
that the slow step of decarboxylation is formation of a carbanion by loss 
of carbon dioxide from a carboxylate ion. Once formed, the carbanion 
reacts with a hydrogen ion source to give a new carbon-hydrogen bond. 
In decarboxylations that occur in aqueous solution, the water provides a 
source of hydrogen ions. In fusion of sodium salts with sodium hydrox¬ 
ide, enough water is formed in the reaction to serve the same purpose. 

(74) R-*-C—O'." — (R -" 1 + 0=C-=0 

I 
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(75) [R: “ ] + HZ — R—H + 

Some decarboxylations occur much more readily under acid conditions 
than would be expected from this mechanism. Decarboxylation of 0-keto 
acids is an example. The free acid, not its salt, decarboxylates, probably 
via the following mechanism: 




R—c=ch 2 

•' O — H 

• • * 


R—C—CH 3 

II 

• O: 


When the acyl radical lacks carbanion-stabilizing groups, decarboxyla¬ 
tion is difficult and requires drastic conditions. Much cracking results, 
since the carbanion stabilizes itself by loss of groups before it can receive 
a hydrogen ion at the high temperatures involved. 

When only the carboxylate ion is present, a reaction similar to conden¬ 
sation followed by decarboxylation occurs. This represents a useful syn¬ 
thesis of ketones. 


(78) R — CHj—c — O" + R —CH 2 —c —O 

O 


0 

R — CH — C — 0° 


+ R — CHj — C—OH 

II 

O 


R — CH —C —O 


0 


R — CH 2 —C — OH 


o° 


— R — CH 2 — C — CH—C — O' + OH 

J Aft It 


© 

R — CH 2 — C — CH — R 


+ HO — 


C —O 

I 

O 


R — CH 2 — C — CH 2 — R + O—C —O 

II II 

o o 


Such reactions are especially easy when cyclization is possible to form 
five-membered and six-membered rings. 
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B. Typical Decarboxylations 

Formation of methane by fusion of sodium acetate with soda lime is a 
common laboratory exercise. This is the only alkane that can be prepared 
in reasonable yield and purity by decarboxylation, however. Butanoic 
acid is reported to give only 17% propane, along with 7% ethane, 39% 
methane, 31% hydrogen, and 6% propylene and traces of ethylene. 

Decarboxylation of aromatic acids, particularly polynuclear acids, 
occurs much more smoothly. The acid itself can be heated with copper 
powder if its boiling point is sufficiently high. Fluorene-9-carboxylic acid 
decarboxylates readily by boiling in slightly alkaline solution. 


0=C—OH 




CO, 


The effect of a nitro group is shown in the spontaneous decarboxylation 
of nitroacetate ion in the preparation of nitromethane from chloroacetic 
acid. 

80 ° 

(80) CICHjCO,- + NOr -- OjNCHjCOj" + Cl" 

(81) 0 2 NCH 2 C0' + H 2 0 — CH 3 N0 2 + HCOj' 

o 

Generally, better yields of ketones are obtained from calcium salts than 
sodium salts, perhaps because of the proximity of the ions attached to the 
calcium ion, or perhaps even because the semicovalent calcium salt may 
have the anions oriented so as to favor the condensation step. 

The geometry of adipic and pimelic acids favors cyclization to form 
ketones when their calcium or barium salts are heated (eq. 82). (See eq. 
78 for the complete mechanism.) 


(82) 



/CH 2 

CH \ 

ch 2 


pi 

cA) 


© 


OH 





470 REACTIONS OF ACTIVE HYDROGEN' COMPOUNDS 

Excellent yields of the ketones are obtained by decarboxylation of the 
acids in the presence of catalytic amounts of barium hydroxide or barium 
carbonate. Yields of 75-80% of cyclopentanone are reported using this 

method. 
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QUESTIONS AND PROBLEMS 


1. Define condensation reaction. Give the restricted sense of the term. 

2. Write equations to illustrate the following reactions. Use structural for 
mulas of actual compounds not given in the text. 


a. aidol condensation c. Claisen ester condensation 

b. Perkin reaction d. Claisen-Schmidt reaction 

3. Pick out from the following list those compounds which undergo the halo- 
form reaction. Write equations for the reactions involved, including those that 
do not yield haloform. Use sodium hydroxide and bromine as reagents. 


a. CH 3 OH 

b. CH 2 =0 

c. CH 3 CH 2 OH 

d. CH 3 CCH 3 

O 




ch 2 

CH 2 


O 

/ 

c 

\ 

CH 

/ 

CH 2 


-ch 3 



ch 2 =chchch=o 

ch 3 


k. CH 3 CCH 2 COC 2 H, 

o 


II 

o 


e- ch 3 ch 2 cch 2 oh 

o 
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4. Write equations for the reactions that occur between the substances listed 
together below. Use structural formulas of organic compounds and indicate 
essential special conditions. 

a. a-ethylpime!ic acid and barium d. butyric acid, bromine, and a 

carbonate trace of red phosphorus 

b. barium cyclobutanecarboxylate e. ethyl acetate and bromine 

c. 3-phenylheptanedioic acid and 
barium carbonate 

5. Show by outline how the following compounds can be prepared in good 
yield from the suggested starting materials. Use structural lormulas for organic 
compounds. Indicate inorganic reagents and essential conditions. 

a. ethyl acetoacetate from ethanol as the only organic raw material 

b. crotonaldehyde from acetaldehyde as the only organic raw material 

c. ethyl cinnamate from benzaldehyde and ethanol 

d. mesityl oxide from propylene as the only organic raw material 

e. /3-hydroxybutyraldehyde from ethanol as the onl> organic raw material 

f. dianisalacetone from anisaldehyde and isopropyl alcohol 

g. 2-methyl-3-/>-tolyl-2-propenoic acid from /Molualdehyde and propionic 

acid 

h. acelylacetone from propylene and ethyl acetate 

i. 0-nitrostyrene from ben/aldehyde and methyl bromide 

j. telraphcnylcyclopentadienone from ben/il and diben/yl ketone 

k. l-nitropropanc from butyric acid 

l. 1,4-dimelhylcyclopenianone from malonic acid and methanol 

m. 1,3-butanediol from ethanol and acetic acid 


n. 2-methy 1-2.4-pentanediol from acetone 

6. Show how the following compounds can be prepared from ethyl malonate 
and other necessary reagents. Use structural formulas for organic intermediates. 
Outline form is permissible. 


a. hydrocinnamic acid 

b. i-bromovaleric acid 

c. Di-rt-alanine («-aminopropionic 
acid) 

d. leucine («-aminoisocaproic acid) 

e. 2-methyl-3-phenylpropanoic 
acid 


f. 2-methylcyclopropane-1 -car¬ 
boxylic acid 

g. /i-valeric acid 

h. cyclobutanecarboxylie acid 

i. 2-amino-2-clhylbutunoic acid 

j. 2-aminopenlanedioic acid 


7. Show how the following compounds can be prepared from ethyl acetoacetate 
and other necessary reagents. Use structural lormulas lor organic intermediates. 
Outline form is permissible 


a. isobutyric acid 

£ 

3.4-dimethyl hexanc-2.5-dione 

b. glulanc acid 

h. 

methy l-^-phenylelhylcarbinol 

c. succinic acid 

i. 

0-(/>-bromopheny l)propiomc 

d. methyl cetyl ketone 


acid 

e. methyl vet-butyl ketone 

J- 

2-ethy Ipenlanoic acid 

f. 2,6-heplancdione 

k. 

3-melhylhexanoic acid 
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l. cyclopropanecarboxylic acid p. cyclohexane-1,2-dicarboxylic 

m. 1,4-diacetylcyclohexane acid 

n. methyl cyclobutyl ketone 

o. tyrosine (a-amino-/?-/?-hydroxy- 
phenylpropionic acid) 


REVIEW PROBLEMS 


1. Write equations for any reactions that occur in the reagent mixtures below. 
Use structural formulas for organic compounds. Indicate essential conditions. If 
no reaction occurs, write the formulas of the reagents, the arrow and “NR.” 


a. benzaldehyde and acetic anhy¬ 
dride 

b. butanone, iodine, and potassium 
hydroxide 

c. ethyl a-acetobutyrate and dilute 
sulfuric acid 

d. ethyl acetoacetate and bromine 

e. ketene and methyl iodide 

f. diethylketene and barium hy¬ 
droxide 


g. phenol and hydroxylamine 

h. benzaldehyde and 2-methyl- 
cyclohexanone 

i. dimethylketene and methane- 
thiol 

j. acetone and ethanol 

k. benzoic acid and hydrochloric 
acid 

l. aceto-/>-toluidide and ethanol 


2. Show how the compounds listed can be prepared in acceptable yield from 
the suggested starting materials. Use structural formulas for organic compounds. 
Indicate reagents and essential conditions. 

a. lactic acid from ethanol and inorganic compounds 

b. acetamide from ethanol 

c. /?-nitroaniline from benzene 

d. 2-methylcyclopropane-l-carboxylic acid from propylene and diethyl 
malonate 

e methyl cyclopropyl ketone from ethanol as the only organic raw material 

f. 2-hydroxy-3-pentenoic acid from ethanol as the only organic raw material 

g. 3-ethyl-2-pentanone from ethanol as the only organic raw material 

h. 2-amino-4-hydroxybutanenitrile from ethanol, formaldehyde, and in¬ 
organic compounds 

i. methyl methacrylate from acetone and methanol 

j. /V-methyl-A'.iV'-diphenylurea from aniline and methyl sulfate 

k. /i-butyl a-bromobutyrate from n-butyl alcohol as the only organic raw 
material 

3. Explain, using formulas or equations, what is meant by the following terms. 


a. protective acetylation c. active methylene group 

b. condensation reaction d. enolization 



Nucleophilic Reactions 
at Unsaturated Carbon 


IV. Reactions at Carbon-Carbon Multiple Bonds: 
Conjugate Addition, Vinylation, and Nucleophilic 
Aromatic Substitution 


22-1 INTRODUCTION 

Chapter 18 describes the addition of nucleophilic reagents to polar un- 
saturated bonds, such as carbonyl and cyano groups, (eqs. I and 2). Such 
reactions proceed at reasonable rates, because the rate of reaction (I) is 


(1) Z: 


+ 


I 

>C = A - Z —C —A 


(2) z—C — A 


I 

z —c —A —H 


+ HZ 


influenced favorably by the ability of the atom A (usually oxygen or nitro¬ 
gen) to assume a negative charge. Unless a carbon atom has one or more 
very strongly electron-attracting groups attached to it, it is loath to accept 
the function of the atom A in eq. (1). Nucleophilic additions then occur 
only under unusual conditions with unactivated olefins. 

However, when one has a highly fluorinated olefin, or an elhylenie 
double bond conjugated with an electron sink, as for example, o\/i-un¬ 
saturated aldehydes, ketones, esters or nitriles, nucleophilic addition goes 
readily. The general course of the reaction is as follows: 


(3) z: 


+ 


>C = C — B —D 


(4) Z — C — C — BrrrD 

I I 


+ HZ 


4 - 4 - 

c— c —B—D 

I I 

I 

h 

I I 

C — C 

I I 


— B=D 
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One should note that the intermediate, I, in the addition reaction (eq. 3) is 
analogous to that involved in nucleophilic substitution reactions (§17-1) 
and that those functions (B=D) which promote reactivity in substitution 
also promote it in addition. The mechanistic details make clear why anti- 
Markovnikoff (§14-2B) addition is observed. 

22-2 ADDITIONS TO ACRYLONITRILE. CYANOETHYLATION 

Among the most common of the unsaturated reagents used in nucleo¬ 
philic addition is acrylonitrile. In the presence of catalytic amounts of 
strong bases, it can add water, alcohols, mercaptans, ammonia, and 
amines. Ammonia and amines do not require added bases, but act as 
their own catalysts. Examples are given in eqs. (5) and (6). When more 
than one active hydrogen is present, cyanoethvlation can continue until 
all are replaced. Thus, ethylenediamine reacts with 4 moles of acryloni¬ 
trile (eq. 7). 

OH" 

(5) CjHjOH + CH 2 =CHCN -- C 2 H 5 OCH 2 —CH 2 CN 

acrylonitrile tf-ethoxypropionitrile 

(6) <CH 3 ) 2 NH + CH 2 =CHCN — (CH 3 ) 2 NCH 2 CH 2 CN 

(7) H 2 N — CH 2 CH 2 — NH 2 + 4 CH 2 =CHCN — 

NCCH 2 CH 2 ^ ^CHjCHjCN 

^nch 2 ch 2 n^ 

ncch 2 ch 2 x ch 2 ch 2 cn 

22-3 ADDITIONS TO a,/MJNSATURATED ALDEHYDES, 

KETONES, AND-ESTERS 

While most aldehydes and some ketones add sodium bisulfite to the car¬ 
bonyl group (eq. 8) via a nucleophilic process (§18-2E), «,/3-unsaturated 
carbonyl compounds can add this reagent to the carbon-carbon double- 

H 

(8) RC = 0 + Na + + HS0 3 

bond system instead after a sufficiently long period of time. Cinnamalde- 
hyde reacts rapidly at the aldehyde group, and more slowly by conjugative 
(1.4) addition, to give, after a time, an addition product having the 
groups from 2 moles of the bisulfite. While the 1,2-addition is readily re¬ 
versed, the 1,4-addition is not. 


H W OH 
R X X SO 3 0 Na® 
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(9) 



CH=CH CH = 0 


cinnomoldehyde 


No 


very slow 



CH — CH 2 — CH = 0 

1 

SOj" No 

0 

1,4-odducl 


hso 3 ‘ 




— CH = CH —CH —S0 3 No 

I 

OH 


1.2 odduct 


( 10 ) 



CH — CH 2 — CH = 0 


No 


SOf No * 


+ hso 3 ‘ — 


OH 



CH — CH 3 — CH — S0 3 ' No' 


S0 3 ' No 

sodium 1 -hydroxy-3*phenyM .3* 
propanedisulfonote 


Ketones, on the other hand, often add 1.4 more readily than 12, leading 
to products which contain only I mole of sodium bisulfite. Such a re¬ 
action is that of benzalacetophenone (eq. 11). 




cholcone; 


+ 


No * HSOj 



\ -V 
\_/ 


CH—CH 


SO 3 ^ No ^ 



beniolacetophenone 

Ammonia, ammonia derivatives, and hydrogen cyanide add similarly. 
Conjugated unsaturated aldehydes and ketones show competition between 
1,2-addition and 1,4-addition, with consequences such as shown in eqs. 
(12) and (13). All the reactions are reversible. With phenylhydrazine, the 
diazoline is the most stable product, but usually forms only at higher 
temperatures. 
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+ H ? 0 


CH ’\ 

H 2 0 — R —CH C —R + H,0 

\ // 

N—N 

/ 



N-phenyldiozoline 



Phenylhydrazine also adds to methyl benzylidenemalonate to give the 
1,4-adduct (eq. 14). 


(14) C 6 H 5 NHNH 2 + C 6 H s CH=C(COOCH 3 ) 2 


methyl benzylidene- 
malonate 


C 6 H 5 CH—CH(COOCH 3 ) 2 

nhnhc 6 h 5 

methyl (a-benzenehydrazo)- 
benzylmalonate 


22-4 MICHAEL ADDITION REACTIONS 

When a new carbon-carbon bond is produced by nucleophilic addition 
to conjugated systems, the process is called a Michael addition , after the 
American chemist who discovered the reaction. The process represents a 
powerful tool for making carbon-carbon bonds. The generalized process 
involves an o./3-unsaturated compound and a compound containing an 
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active hydrogen attached to a carbon-atom (e.g., malonic ester, aceto- 
acetic ester, nitro compounds, aldehydes, ketones, etc.). These are con¬ 
densed in the presence of a base. In the equations that follow, the active 
hydrogen compounds are described as H :Z. 


(15) 

(16) 


H'Z + 

+ 


oc 2 h 5 - — l'~ + C 2 H 5 OH 

| I t- *- 

>C=C — B=D — z—c—c—B—D 

II 


(17) II + C 2 H 5 OH 


H 

Z—C —C —B=D + OC 2 H 5 


Examples include the condensation of malonic ester with ethyl cinna- 
mate (cq. 18) and ethyl cyanoacetate with acrylonitrile (cq. 19). 


O 

II oc 2 h 5 - 

(18) C 6 HjCH=CHC—oc 2 h 5 + CH 2 (COOC 2 H5) 2 - 

ethyl cinnomate ethyl malonate 

o 

u 

C*H 5 CH — CH 2 C—OC 2 Hj 

CH(COOC 2 H 5 ) 2 

ethyl 2-phenyM, 1,3-pro* 
pooetricorboxylate 

OC 2 H 5 ’ 

(19) CH 2 =CH—CN + NCCH 2 COOC 2 H 5 --* 

acrylonitrile ethyl cyanoacetate 


X CH — CH 2 — CH 2 CN 
C 2 HjOCO' / 

ethyl a, 7 -dicyonobutyrate 


22-5 ADDITIONS TO ACETYLENES. VINYLATION 

While alcohols do not add to olefins in the presence of bases, acetylene 
undergoes nucleophilic addition of alcohols in the presence of alkoxides to 
give alkyl vinyl ethers. The reactions require elevated temperatures and 
pressures. 

No OR 

180* 
prtuure 


(20) ROH + CH = CH 


R —O—CH = CH 2 

olkyl vinyl ether 
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A side reaction is formation of acetals (eq. 21). When cyclization is 
possible (eq. 22), this is especially important. 


(21) R — O — CH=CH 2 + ROH 


NaOR 

~180” 

pressure 


R—O 

CH —CH 3 

R — O' 

dialkyl ocetal 


(22) R—CH —CH —R' + HC=CH 
OH OH 

CH 3 

cyclic ocetol 
(o 1,3-dioxolone) 

22-6 AROMATIC NUCLEOPHILIC DISPLACEMENTS 

Displacements on aromatic rings by nucleophiles can proceed by 
mechanisms involving the addition-elimination type such as those de¬ 
scribed above for carbonyl compounds. The generalized mechanism for 
such reactions is described in eq. (23) where the sigma complex inter¬ 
mediate may be considered as a hybrid of structures given below. It now 
appears unlikely that such a mechanism ordinarily obtains with unac¬ 
tivated benzene rings (see below), but it is reasonable that such a mech- 


R —CH—CH —R' 


o o 

\ / 

CH 


(23) Y°: 



ill 

sigma complex 



•valence bond structures of sigma complex 


extra valence-bond structure 
fo* poro activation 


anism will be promoted by the presence of electron-attracting atoms or 
groups on the ArX molecule, in particular when they are located on ortho 
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and para positions relative to the X group being displaced. For example, 
a para nitro substituent has an extra valence-bond structure contributing 
to the stabilization of the intermediate and therefore to the transition state 
leading to it. Reactivity is thereby increased. The effects of nitro sub¬ 
stitution on the basic hydrolysis of chlorobenzene is shown in Table 22-1. 
Thus, reactivity varies from that of inert chlorobenzene, on the one hand, 
which is insensitive to sodium hydroxide in refluxing alcohol and requires 


TABLE 22-1. Temperatures Required To Convert Substituted Chlorobenzenes To the 

Corresponding Phenols Upon Treatment with Sodium Hydroxide. _ 


Compound 


Temperature for Conversion, ”C 



chlorobenzene 


NO' 



o-nitrochloroben/ene 

NO : 



w-nitrochloroben/ene 


Q : N 



/>-nilrochlorobcn/ene 


Q : N 



2.4-dinitrochloroben/enc 


NO' 

, r / ' 
°- N ~(( y)~ cl 


NO' 

2.4.6-lrmilrochlorohcn/cnc 


picr> I chloride 


350 


130 


does not proceed 
at 130 


130 


80 


23 
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Dow process conditions (§7-3A(4)) to give phenol, to that of picryl 
chloride, which has the reactivity of a typical acid chloride. 2,4-Dinitro- 
chlorobenzene is utilized as a reagent for the characterization of phenols 
(eq. 25). 


no 2 


(25) ArO 


o 2 n-^0 > ~ a 



NO 


/ 


°2 N —{Q >-OAr + Cl 


Again evidence is good that a sigma complex intermediate intervenes in 
suitably activated systems. For example, addition of 2,4-dinitroanisole or 
2,6-dinitroanisole to a solution of sodium methoxide in methanol gives 
brilliantly colored solutions. These colors are ascribed to the presence of 
IV and V, respectively (resonance hybrids). Colored species are also ob¬ 
served with w-dinitrobenzene (but not ortho or para) in strongly basic 

O. .O 

N 


^ : o 

O. 

e 


o 

A N 

J \ 

A 


' N , 

“N 


och 3 

o 

o* 

ch 3 o 

och 3 

‘o 

IV 



V 






° 0 , 



o 

z 

• 


' -.Vi' 

N 




NO 


V-' 

O 


. N . NO, 
° HO H 


0 ? N 


.'S- 

N 


o 


c. 


O.N NO’ 

HO H HO H O CJ 

VI 

solution. 1,3,5-Trinitrobenzene and TNT are indicators, developing 
colors at about pH 13 14 (VI). All of these reactions involve the addition 
of nucleophiles to the aromatic system to form the highly delocalized 
anionic products. Consideration of canonical structures makes it clear 
that only nitro groups in positions ortho and para to the entering nucleo¬ 
phile can be effective by conjugation, and also that nitro groups should be 
nicta to each other for an efficient indicator 



(os solt) 
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Halogen can be readily displaced from nitrochloroarenes, and certa.n 
nitro groups also undergo ready displacement (eq. 26). 

Other electron-attracting groups have similar, if less dramatic effects 
on reactivity. The preparation of 2 . 4 -dichlorophenol. which is the ke> in¬ 
termediate in the preparation of the herbicide. 2.4-D (see $4--2B), is an¬ 
other example of such a reaction. 



2.4-dicKloropheno! 
(os solt) 


As the step represented by eq. (23) is rate-determmmg and as this step 
does not involve breaking of the arene-X bond, react,v,ties of aryl halides 
do not necessarily parallel those of alkyl halides. In fact, the reactivities 
reflect electronegativity rather than polarizability; consequently. ..4-d,n,- 
trofluorobenzene is substantially more reactive than the corresponding 
chloride. It is used as a reagent for amines (eq. 28) and in particular to 
identify the terminal group in polypeptide fragments from the partia 
hydrolysis of proteins in the analysis of the order of ammo acids ,n pro- 

teins (outline 29). 



(29) 



< 


NO 


NO; 




/ 


NHCHRCONH • 


hydrolys.s^ Q N / NHCHRCO ? H 


- 1 / 

(yellow) 


22-7 NUCLEOPHILIC DISPLACEMENTS IN VINYL HALIDES 

Unactivated vinyl halides, like aromatic halides, do not undergo direct 
displacement or carbonium ion displacements readily (see tjl2-1 B(4). Here 
again, however, suitable activating groups facilitate displacement via the 
addition-elimination mechanism. Thus, lor example. /»-nitrophenylvinyl 
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bromide undergoes ready displacement by mercaptide ions (eq. 30), 
whereas vinyl bromide is inert under the same conditions. Similar results 




p-nitrophenylvinyl bromide 


0,N 



)>— CH = CHSC 6 H 5 + 



(31) 


ch 3 c=chco 2 ch 3 

Cl 


No * OC H 3 

ch 3 oh 


ch 3 c=chco 2 ch 3 

och 3 


methyl /j-chlorocrofonote 


are observed with methyl 0-chlorocrotonate and methoxide ion (outline 
31). In each case an intermediate with the negative charge delocalized 
into the nitrophenyl group (eq. 30) or into the carbonyl group (outline 31) 
can be written. Fluorine atoms, being strongly electronegative, readily 
stabilize negative charges, so that displacements of polyfluorovinyl halides 
by bases such as alkoxides go readily, even at 80° (eqs. 32 and 33). 


(32) CF 2 = CFCI + e OC 2 H 5 — CF 2 =CFOC 2 H 5 + Cl" 




C 2 H s O 


F F 


F 

F 







*> 


;C. 



OC 2 H 5 


F F 

I / 



oc 2 H 5 


+ 



22-8 AROMATIC NUCLEOPHILIC DISPLACEMENTS VIA ARYNE 
INTERMEDIATES. ELIMINATION-ADDITION MECHANISMS 

Still another process by which a net displacement can occur involves an 
elimination reaction followed by an addition reaction, as outlined in eqs. 
(34) and (35) or (36) and (37). Such processes might be anticipated when 


(34) 

X 

1 

u — 

u — 

1 

X 

+ Y" 

— HY 

+ 

>C 

II 

n 

A 

+ 

(35) 

>C=C< + 

HY 

1 1 
HC —C 

.1 I 

—Y 

or 

1 1 

YC —C —H 

1 | 

(36) 

RCH = CR'X 

+ Y:" 

— HY 

+ 

RC- 

=CR' + . 

(37) 

RC = CR’ + 

HY — 

RCH = CR'Y 

or 

RCY=CHR 


(a) the system is one in which elimination and nucleophilic addition to the 
multiply bonded system occur with ease or (b) the system is one in which 
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the more usual mechanisms for displacement are only difficultly available. 
Diagnosis of such mechanisms is sometimes difficult as the reaction has 
the same kinetics as the direct-displacement process or the addition- 
elimination process (eq. 38) so that measurement of kinetic order is of no 
help. The elimination-addition mechanism can be definitely excluded when 

(38) rate = k(RX)(Y) 

the addition reactions (eqs. 35 or 37), can be studied separately, if they 
are observed to proceed at rates slower than those observed for the overa 
displacement reaction. When this is not the case, this mechanism must 

always be considered as a possibility. 

A certain diagnosis for this mechanism may be made when rearrange¬ 
ment occurs. Careful scrutiny of eqs. (35) and (37) indicates that H\ may 
add to the multiple bond either in the direction of the original HX re¬ 
moval or in the opposite direction. When the latter occurs, elimination- 

addition is demonstrated. 


A. The Aryne Problem 

As has been noted, displacements on unactivated benzene rings, say in 
chlorobenzene, by hydroxide ion or by amide ion, require rastic con 1 
tions. It was observed that treatment of />-chloroto uene wit so ami e 
gave not pure /?-toluidine, as expected, but instead a mixture o /« an 
p-toluidine (eq. 39). This rearrangement seems best explained by the as- 


NHj 



sumption that a reactive intermediate called an aryne is involved (eq. 40 
and outline 41). 
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Fig. 22-1. MO Cloud and MO Diagram for Bcnzyne. 

*• 


Such intermediates, of which the parent member is benzyne (below and 
Fig. 22-1) have been observed in a variety of reactions. One sees that 
besides the ir system of six delocalized electrons, there is a pair of elec¬ 
trons localized on the two carbon atoms (Fig. 22-1). The orbitals contain¬ 
ing these electrons are perpendicular to the ir system and are therefore 
unable to interact favorably with it. These orbitals have an angle of 60° 
with each other, so that little delocalization stabilization is available from 



benzyne 

valence-bond structures 



overlap with each other. The a orbital systems are at 120° rather than 
the 180° preferred by divalent carbon atoms. The systems may be con¬ 
sidered as related to a bent acetylene in which the second of the tt orbitals 
is relatively unstable and therefore especially prone to reactions. Benzyne 
is in tact quite unstable; it adds many substances, including ammonia (eq. 
41). water (eq. 42), alcohols (eq. 43), and phenyllithium (eq. 44). In the 
absence of suitable reagents, benzyne polymerizes (outline 45). Additional 
proof of its existence comes from its being trapped by dienes in Diels- 
Alder reactions (eqs. 46 and 47) and observations of its spectra. 




(CH 3 ) 3 COH 



OC(CH 3 ), 



AROMATIC NUCLEOPHILIC DISPLACEMENTS 485 






(mam product) 



furan 




1,2 benzo 3.6 epoxy 
1,4-cyclohexodiene 



Benzyne (and its analogs) can be readily prepared by the_ action of 
phcnyllithium with o-chlorofluorobenzcne (eq. 48). c y to y ' 
chlorobenzene to sodium phcnoxide by sodium hydroxi e at ' 

via benzyne. Potassium /^rz-butoxide in dimethyl su oxi e, w ic 



many millions times a stronger base than sodium hydrox.de (see §]0-2C), 
converts halobenzenes to benzyne and thus to /*r/-but> p cny e er 

(eq. 43) even at room temperature in a few days. 

It may be noted that several displacements on simple aromatic systems 
occur with relative ease and lack of isomerization which appear sur¬ 
prising on the basis of the above discussion. Unfortunately, insufficient 
evidence is available at present to propose complete mechanisms. e 
transformations discussed here have general synthetic usefulness, both 
industrially and in the laboratory. 
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Arenesulfonate salts are converted to phenols by fusion with a strongly 
basic hydroxide and to nitriles by fusion with sodium cyanide. The reac- 

200 - 

(49) C 6 H 5 S0 3 - + 2 OH" —■ - C 6 H s O“ + S0 3 2 " + H 2 0(g) 

oUU 


(50) C 6 H 5 S0 3 ' + CN" 


200 - 

300° 


C 6 H 5 CN + sec¬ 


tion is applicable to substituted benzenesulfonates and polynuclear arene- 
sulfonates. One of the oldest industrial syntheses of phenol utilizes this 
reaction (eq. 49). 

/3-Naphthols and 0-naphthylamines are interconverted in the presence 
of sulfite ion (the Bucherer reaction). 



(NH 4 ) 2 S0 3 . 150°, 6 atm. 


No 2 S0 3 , NaOH, 100° 
in aqueous solution 



In this reaction, an adduct of the tautomeric keto or imino form can 



toutomeric toutomeric 

keto form imino form 


sometimes be isolated. It would appear, therefore, that the reaction 
pathway may involve a reversible addition-elimination of bisulfite ion 
similar to participation by cyanide ion in the benzoin condensation 
(§23-4). 
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QUESTIONS AND PROBLEMS 

1 Write equations for Ihe reactions that occur when the following mixtures are 

treated under appropriate conditions. Specify conditions. Use structural for¬ 
mulas to represent organic compounds. 


g. /j-nilrochloroben/ene and so¬ 
dium sulfide 

h. />-dichlorobenzene and sodium 
hy droxide 

2.4-dinitrochlorobenzene and 

hydrazine 
* 

piers I chloride and ammonia 


i. 


J- 


a. hydrazine hydrate and crotonal- 
dehyde 

b. acetylene and zi-propyl alcohol 

c. phenylacetylene and phenol 

d. vinyl ethyl ether and ethanol 

e. cyclohexanone and methyl 

methacrylate 

f. crotonaldehyde and n-butyl al¬ 
cohol, 1 mole, in base 

2. Show how the following compounds can be prepared in respectable yield 
from the suggested starting materials. Indicate necessary reagents, catalssts 

conditions. 

a. ethyl acrylate from acct>lene 

b. l-chloro-l-ethoxyethane from acetylene 

c. 2,4-dinitroaniline from benzene 

d. anisole from chlorobenzene 

e. /7-cresol from toluene ... 

f. aniline from benzene b> a process used only industr.a ly. 

process. 

g. 2,4-dinilrophenyl cyanide from chlorobenzene 

h. /V-2,4-din it rophenylalaninc from benzene and acetaldehyde 

a-aminopropionic acid. . . . 

i. 2 , 4 -dichlorophenoxy acetic acid from benzene and acetic acid 

j. ethylencdiaminetetraacetic acid from acetylene 

k. 6-kctocaproic acid from acrylonitrile and ethyl acetate 

O 

6 / C>UCH 2 CH =0 from cyclohexane and acrolein 

m. 3,5-dinitro-2.hydroxybcn/aldchydc from 2 . 4 -dinitrochlorobcn«ne and 
chloroform 


Name the 


Alanine is 




Oxidation-Reduction 
Systems which Involve 
Hydride Exchange 


23-1 THE CANNIZZARO REACTION 


In alkaline solution aldehydes which have no alpha hydrogen atom, 
hence are incapable of aldol condensation, undergo a type of dispropor¬ 
tionation called the Cannizzaro reaction. Shaking the pure aldehyde with 
sodium hydroxide solution causes 2 moles of the aldehyde to form a mole 
ol the related alcohol and a mole of the related acid salt. 

(1) 2 R 3 CCHO + OH * R 3 CCH 2 OH + R 3 CCOO‘ 


The reaction is initiated by addition of a hydroxide ion to the carbonyl 
group of the aldehyde (eq. 2). 


( 2 ) 


= 0 : 


+ G : 6 -H 


R —CH— 6 : 0 


:Q—H 


This is followed by the transfer of a hydride ion, H:~, either to a sepa¬ 
rate molecule ol aldehyde (eq. 3) or, after addition of the aldehyde- 
hydroxide complex to the second molecule of aldehyde, internally (eq. 4). 

C H 
(3) R -C j 

11 

O 


O: 0 

y 

H 


CH=0: 


—J 


R—C=- O: 

: O — H 


R—CH ? — 6 : 0 


R-C-O: + R — CH 2 — OH 

:Q: 0 



R — CH—O: 0 I 

I I 

: O - H 


+ R — CH==0: 


r hi 

^ 1 ' • ps 

R —CHO—C —O: 0 

: a 1 

•O —H R 
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0 .6 —H 


R — CH 2 —OH + R —C—O - 


II 

O: 


R—CH 2 —O—C=0: + 

- I 

R 

The reaction of formaldehyde gives methanol and formate: benzalde- 
hyde gives benzyl alcohol and benzoate, etc. 

A. The Crossed-Cannizzaro Reaction 

When a mixture of formaldehyde and another aldehyde ^thout o y- 
drogen atoms is treated under Cannizzaro conditions, the formaldehyde 
is oxidized to formate and the other aldehyde ,s reduced to ‘^ corre¬ 
sponding alcohol. Thus, pivalaldehyde is reduced to neopentyl alcohol 
(eq. 5). This is termed the crossed-Cannizzaro reaction. An interesting 


ch 3 


(5) CH 3 —C—CHO + CHjO + OH 


ch 3 

pivalaldehyde 


ch 3 

CH 3 — C CHjOH + 

ch 3 

neopentyl alcohol 


HCOO 


industrial application of this reaction as well as of the aldol condensation 

(see §21-4D) is seen in the preparation of P enlacr '' thr,lo!1 f ' . 

undergoes three aldol condensations with forma c y e un 
active hydrogens are utilized (outline 6). The lrih y dro ^yP ,va ‘ a ‘ h de ^ d r e e 
which results then undergoes a crossed-Cannizzaro reac ion w 

formaldehyde (eq. 7). 


H 

(6) H—C=0 + CH 3 CHO 


OH 


CHjOH 

HOCHjCH — CHO 


HOCH 2 CH 2 CHO 


CHjOH 


CHjO 


OH 


CHjO 

OH' 


HOCHjC —CHO 


CH 7 OH 

frihydroxypivaloldehyde 


(7) (HOCH 2 ) 3 CCHO + CH ? 0 


OH 


CHOH 

HOCHjC—CH 2 OH + HCOO 
CH 2 OH 

penloerythritol 


This tctrahydric alcohol is used in the preparation of plastics and to 
make pentacrythritol tetranitrate, PETN, a high explosive. 
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23-2 THE TISHCHENKO REACTION 

The Tishchenko reaction is formally similar to the Cannizzaro reaction 
in the oxidation-reduction sense. The Tishchenko reaction is carried out 
in the absence of water, using as catalyst a solution of aluminum alkoxide 
in alcohol. Under these conditions, even aldehydes with alpha hydrogen 
atoms undergo disproportionation. The product is a mole of ester of 
which the alkyl group originates from one molecule of the original alde¬ 
hyde and the acyl group from another. An example is given in eq. (8), 

O 

aI(OC 2 h 5 )3 II 

(8) 2 CH 3 CHO -- CHjC—OC2H5 

acetaldehyde ethyl acetate 

The mechanism of the reaction involves the function of aluminum 
alkoxide as a Lewis acid. Reaction conditions prevent hydrolysis of the 
ester as in the Cannizzaro reaction. 

( 9 ) R—CH= 0 : + Al(:6—R) 3 — R—CH—O—AI(iO—R) 3 


( 10 ) 


R —CH—O—Al(: 0 —R) 3 

© © •• 


+ R—CH= 0 : 



CH —6—C —6>-AI(:6— 
© © •• 

R 



R—CH 2 —6—C=6: + Al(:6—R) 3 

R 


The use of more basic alkoxides causes attack on the alpha hydrogen in 
aldehydes that have one, leading to condensations and mixed condensa- 
tion-dismutation reactions. However, even a sodium alkoxide is used 
successfully to give a 93",, yield of benzyl benzoate from benzaldehyde 
(eq. II). 

v V 

/ -^ ^ y /V- CH ? 0 No’ - V 

ill) 2 ( )\ CH o -* <( Y>-C—o—CHj—<( 7 

\_r. / \7_y 1 1 

o 

benzc IdeHyde benzyl benzoate 


23-3 THE MEERWEIN-PONNDORF-VERLEY AND 
OPPENAUER REACTIONS 

The fact that alcohols and aldehydes or ketones are related intermediate 
oxidation stages of carbon compounds suggests the possibility that, under 
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suitable conditions, an equilibrium might be established between an alco¬ 
hol and the related aldehyde or ketone. Meerwein showed that metal 
alkoxides catalyze the formation of just such an equilibrium between tw o 
alcohols and their related carbonyl compounds (eq. 12). The most com¬ 
mon catalyst for the reaction, when isopropyl alcohol is used as the reduc- 


(12) R—CH—R' + R”—C —R 

OH O 


MOR 


III 


R — C-R' + R"—CH-R 

i in 


ifi 


ing agent, is aluminum isopropoxide. The Mcerwein-Ponndorf-Verley 
reaction is the use of isopropyl alcohol and aluminum isopropoxide to 
reduce an aldehyde or ketone. Its usefulness lies in the fact that only the 
carbonyl group is reduced. Most other reducible groups are not attacked. 
An exception is the very readily reducible nitro group. S.nce the equi¬ 
librium (eq. 12) is not complete in either direction, the success of the 
Meerwein-Ponndorf-Verley reaction depends on use of excess isopropyl 
alcohol and complete removal of the product acetone by selective distilla¬ 
tion. The method fails for reduction of aldehydes that are lower-boiiing 

than acetone. . 

Oppenauer introduced the use of the reverse direction of the reaction. 

Hydroxy groups can be selectively oxidized in the presence of other even 
more readily oxidized groups by use of a very large excess of acetone and 
aluminum isopropoxide. 

The mechanism of the reaction is quite similar to that of the Tishchenko 
reaction. The shift of a hydride ion from one to another of two groups on 
the aluminum atom establishes equilibrium between the oxidized and re¬ 
duced forms (eq. 14). 


(13) R— C —O • 
R 



© 

R —C— 


© 


R' 


O —A1 I O — CH — CHj 

:0: 


CH 


Htj: —CH 3 

ch 3 


(14) 


R 

R' 


t-o 


H 


CH 




CH 


O —CH 


At 


O 


O - CH 


ch 3 

ch 3 
ch 3 

ch 3 


R'—C 

I 

CH, ? 


— O: 


CH 3 


4 


— O: 


O-CH 


Al 


© 


o —CH 


ch 3 

ch 3 

ch 3 

ch 3 
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(15) 


R—CH 

I 

R' 


•• 0 , 

O—Al fiO 

• • 

: 0 : 

CH 3 CCH 3 

© 



— ch 3 —c—ch 3 + 


• O: 



(16) CH 3 —CH—CH 3 + R—CH—O—Al :0—CH—CH 3 

I | ” "| 

•OH R \ CH, 


R—CH—OH + 


Al /:0—CH—CH 3 


\ 


CH 


Side reactions in both the Meerwein-Ponndorf-Verley reduction and the 
Oppenauer oxidation are remarkably few. Even halogen atoms remain in 
most cases, for example, the reduction of bromal to the rectal anesthetic, 
avertin (2.2,2-tribromoethanol) (eq. 17). 



Br 3 CCH=-0 + (CH 3 ) 2 CHOH 


Al[OCH(CH 3 hl3 

cont. distillation 


Br 3 CCH 7 OH + (CH 3 ) 2 C=0 

overtin 


Other ketones 
be used as oxidizi 


(e.g., cyclohexanone or benzoquinone) or alcohols may 
ng or reducing agents for special reasons. 


23-4 THE BENZOIN CONDENSATION 

In an alcoholic solution of sodium cyanide or potassium cyanide, an 
aromatic aldehyde undergoes a type of condensation which involves 
oxidation-reduction. This condensation is similar to the preceding reac¬ 
tions in that it is a base-catalyzed oxidation-reduction; however, no 
hydride ion migration occurs. Cyanide ion is a specific catalyst; no other 
is effective. A possible mechanism is given. 

(18) 2 ArCHO —-► ArC —CHOHAr 

II 

O 
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(19) Ar—CH=0 • + 


- © .. 

Ar—C—O—H 

I •• 

C=N: 


©:c:::n: — 


Ar—CH—6: e 


C=N: 


— Ar—c—o—H 


C=N: 0 


( 20 ) 


© 

— 

• • 


1 

X 

O 

\ 

/ 

w 

< 

l 

• • 

Ar—C- 

• 1 
C 

-o —h 

• • 

= n: 

+ Ar—CH=^=0 ; 

> 


C Ar 

f V 

:N=C CH 

L VeJ 


Ar -d : 0 

V Ar = 

/ \ / 

: N=C CH 

n 6-h 


H 


Ar —C- C—Ar + 

II I 

:0- • O —H 


G r = 


:C = N: 


The most common and most useful example of this reaction is the prep 
aration of benzoin from benzaldehyde. A yield of 90-92 0 is reported. 


(21) 2 C 6 H s CHO 


benzaldehyde 


CN 


- C 6 HjCCHOHC 6 Hj 


O 

benzoin 
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QUESTIONS AND PROBLEMS 

1. Write equations for reactions which occur when the following mixtures of 
compounds are treated under the proper conditions. Indicate the conditions. Use 
structural formulas for organic reagents. 


a. propanal + aluminum elhoxide 

b. 2-propanol + benzophcnone + 
aluminum isopropoxide 

c. trimcthylacclaldehyde (pival- 


aldehyde) + aqueous sodium 
hydroxide 

d. />-tolualdehyde + alcoholic- 
sodium cyanide 
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2 . Show how the following syntheses can be performed as advantageously as 
possible from the indicated starting materials and inorganic reagents. Use struc¬ 
tural formulas for organic compounds. Indicate all necessary reagents, catalysts, 
and special conditions. 

a. ethyl acetate from acetylene 

b. 2-hydroxymethyl-2-methyl- 1,3-propanediol from n-propionaldehyde and 
methanol 

c. di-/3-styrylcarbinol from benzaldehyde and acetone 

d. p-propionylbenzaldehyde from p-(dichloromethyl)benzaldehyde and etha¬ 
nol 

e. p.p'-dinitrobenzoin from toluene 


O 




g. benzyl benzoate from toluene 

h. phenyl cyclopentyl ketone from benzaldehyde and bromocyclopentane 

i. 1,3-butanediol from acetaldehyde and isopropyl alcohol 

j. 2,2-dimethyl-1,3-propanediol from isobutyraldehyde and formaldehyde 



Diazonium Compounds 
and Diazo Compounds 



24-1 PREPARATION 

Arenediazonium salts, of which benzenediazonium chloride is typical, 
are prepared by diazolizaiion of an aromatic primary amine. This is the 
treatment of the amine with a source of nitrous acid at a temperature lou 
enough to prevent decomposition of the diazonium salt, usually in the 

neighborhood of 0°. 




Dia/o compounds, of which diazomethanc is the most commonly used, 
are prepared from acyl nitrosoamines such as nitrosoalkylurethanes or 
nitrosoalkylureas (eqs. 4 6). 



N = 0 

CH,-N + 3 OH 

^C-OQHj 

O 


ethyl N-rnethyl-N-nitrosocorbomate 


(CHj—N=N—O* J + C 2 H 5 OH + 


co 3 J 


+ h 2 o 


495 
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/ N=0 

(5) CH 3 —+ 2 OH' — 

^ c -NH 2 

o 

N methyl -N-nitrosoureo 

[CH 3 — N=N —O' } + H 2 N—COj- + H ? 0 

(6) (CH 3 N - N — O')-► CHj=N = N + OH" 

diaiomethane 

A general method useful for the preparation of higher diazoalkanes 
utilizes mesityl oxide and a primary amine (eqs. 7-9). 

ch 3 

(7) (CH 3 ) 2 C=CHCOCH 3 4- RCH 2 NHj —conjugo»e_^ RCH 2 NHCCH 2 COCH 3 

addition 

ch 3 

(8 ) rch 2 nhc(Ch 3 ) 2 ch 2 coch 3 + hno 2 — — 

N— O 

o 

RCH 2 — N Y 

C(CH 3 ) ? CH ? CCH 3 + h 2 o 


x N- O 

(9) RCH 2 — N ° OR- 

'C(CH 3 ) 2 CH 2 CCH 3 ether 

RCH — N ~ N + (CH 3 ) 2 C = CHCOCH 3 + h 2 o 


24-2 PROPERTIES AND REACTIONS OF DIAZONIUM SALTS 


Arenediazonium salts are stable for short times in solution at low tem¬ 


peratures. Salts of fluoboric aeid are stable enough to be isolated and 
stored in the dark at ordinary room temperatures. 


I he relative stability of arenediazonium salts is notable. Alkanedia- 


zomum ions are too unstable to be kept or isolated even at -80°; upon 
* . decompose to earbonium ions, which undergo all of the 

typical earbonium ion reactions (nucleophilic attack, elimination of hy¬ 
drogen ions, rearrangements). Even bridgehead earbonium ions, such 
as I, are^&iekly produced by this route (eq. 10), though such ions, strained 
out of trigonal planar geometry, are very difficult to obtain in other reac¬ 
tions which normally proceed via earbonium ions. 
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Such results indicate that elimination of molecular nitrogen from 
alkanediazonium ions is highly favored, both kinetically and thermo¬ 
dynamically. That such is not the case for aienediazonium ions indicates 
one or both of the following: first, arenediazonium ions may be strongly 
resonance stabilized, or second, aromatic carbonium ions may be highly 
unstable and difficult to form. Either argument can be used to explain 
why nucleophilic aromatic substitution (§22-8A) does not readily utilize a 
carbonium ion process (except perhaps when diazonium ions are in¬ 
volved). 

Diazonium compounds participate in a complex series of acid-base 
equilibria. 


("> 



© 

N = N 


diozonium jolt 


0 - 

tO—H 



N = N —OH 
diozo hydroxide 


( 12 ) 




N=N—O—H + 

• • 

© 

N=N—6: *— 

• • 

diozoote ion 


© 

;0—H = 



0 

N — N = 0: 


+ H,0 



A. Dye Coupling 

Diazonium salts are mild electrophilic reagents. They react with ring- 
activated aromatic amines and phenols to give substitution products. 
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preferably in the para position. Only when the para position is occupied 
does the diazonium group attack the position ortho to the amino or 
hydroxy group. The substitution of a diazo group in an aromatic amine 
or phenol is called coupling. 




+ 

4-dimethylamrnoozobenzene 
(butter yellow) 


H* 


Careful control of pH is required for best yields of coupling products. 
The species ArN : * must be available, which requires a pH that is not too 
high. However, the species ArO" or ArNR, must also be present, which 
requires a pH that is not too low'. A buffer can be used to provide the 
optimum pH. 

Primary arylamines give diazoamino compounds. These can be re¬ 
arranged to the azo compounds by heating in acid solution. 




Azo compounds are highly colored. Those with groups on the benzene 
ring suitable for associating with groups in textile fiber molecules are 
dyestuffs. 

Certain diazonium salts which are stable to moderate heating when kept 
dry and out of the light have been developed. Paper coated with a mixture 
of stable diazonium salt and coupling agent can be used for photocopying. 
When exposed to ultraviolet light, the diazonium salt on the paper is 
destroyed except where protected by the lines of a drawing or black letter- 
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ing. The dye is developed by passing the paper through moist ammonia 
fumes; a positive print results. This is called the Ozalid process. 


B. Sandmeyer and Related Reactions 

Because of the low reactivity of typical aryl halides, reactions other than 
halogen replacement have been necessary for the preparation of many 
aromatic compounds. Since arenediazonium salts are very reactive, these 
can serve many of the same functions that halides serve in the aliphatic 
series. The Sandmeyer reactions and modifications thereof are means by 
which these replacements can be executed. 

The mechanisms of Sandmeyer reactions are still open to question. 
While carbonium ions may be involved, at least in some of these displace¬ 
ments, there is also evidence which may require other explanations. 
Hence, no speculation on this point is presented here. Typical Sandmeyer 
replacements are represented in eqs. (18) through (20). The group that 
substitutes into the ring is that which was associated with the acid and 
cuprous ion, not that of the diazonium salt. Nevertheless, it may be ad¬ 


vantageous to prepare the diazonium salt of the halide to be replaced, as 
the other anion may interfere. Alternatively, the diazonium sullate may 
be used, since sulfate ions do not participate in the replacement. 

The Sandmeyer reactions are particularly useful for the preparation of 
substituted aromatic compounds not readily prepared by direct substitu¬ 
tion. 

MCI 

(18) c 6 HjiV + cr ——c 6 h 5 —ci + n 2 

CuCI 

HBr 

(19) C 6 HjN 2 ’ + Br~ —-* C 4 H 5 —Br + N 2 

CuBr 

(20) C 6 HjN 2 * + cr + CuCN — C 6 Hj — C = N + CuCI + n 2 


Yields of various chloro and cyano derivatives ol toluene from the 
corresponding toluidines are in the neighborhood of 70 80° o . Similar 
yields of w-chloro- and w-bromobenzaldehydes are obtained by the Sand¬ 
meyer reaction from m-aminobenzaldehyde. 

(1) Gaitermcmn's Modification. Ludwig Galtermann discovered that it 
is unnecessary to prepare the cuprous salt. Copper powder can be used to 
catalyze replacement of the diazonium group directly from an acid. This 
modification is of interest industrially since it makes unnecessary the 
consumption of expensive cuprous salts. 


^ 1 L_J V 

(21) ArN/ + X"--■* ArX + N 2 

The Galtermann modification can be extended to the preparation of 
other derivatives of aromatic compounds. The preparation of nitro com- 
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(22) ArN/ + NO/ -* ArN0 2 + N 2 

pounds impossible to make by substitution is effected by sodium nitrite 
treatment (eq. 22). /7-Dinitrobenzene can be prepared in 67-82% yield, 
and o-dinitrobenzene in 38% yield. 

(2) Other Replacements. Diazonium salts react with fluoboric acid, 
hydriodic acid, and slightly acidic aqueous solutions to replace the dia¬ 
zonium group by fluorine, iodine, or a hydroxy group, respectively 
(eqs. 23-25). 

(23) ArN/ + HSF 4 — ArF + N,(g) + 8F 3 (g) + H + 

(24) ArN/ + I" — Arl + N 2 (g) 

H + 

(25) ArN/ + H 2 0-— ArOH + H + + N 2 (g) 

(26) ArN/ + C 2 H s O —C — S” + OH" — 

II 

S 

ArS' + N 2 (g) + C 2 H 5 OH + COS 

Sodium or potassium xanthate replaces the diazonium group with the 
mercapto group (eq. 26). Sodium sulfide has been used occasionally in 
place of the xanthates, but this practice is dangerous, since insoluble 
diazonium sulfides often precipitate and explode. 

(3) Reactions of Nitrous Acid with Aliphatic Amines and Amides. As was 
stated before ($24-2), alkanediazonium compounds are intermediates of 
very short lifetimes, which decompose to carbonium ions. Since diazoti- 
zation of a primary amine is commonly carried out in water in the pres¬ 
ence of hydrochloric acid and nitrite ions, it can be anticipated that 
alcohols, both normal and rearranged, and olefins will be the main prod¬ 
ucts of the reaction, with smaller amounts of normal and rearranged alkyl 
chlorides, nitrites, and nitro compounds. 

The reaction of nitrous acid with amides is much less complex, since it 
generally leads to a good yield of the carboxylic acid. In either case, how¬ 
ever, the use of this reaction as an analytical tool depends on the quantita¬ 
tive evolution of nitrogen, not on the quantitative production of organic 
products. 

Light is shed on the mechanisms of reactions of primary amines with 
nitrous acid by the reactions of secondary amines. These compounds 
(both aliphatic and aromatic) give nitrosoamines. Hence, nitrosoamines 
are considered to be the precursors of diazo hydroxides (§24-2). When 
R' (eq. 27) is H, further rearrangement occurs (eq. 28). 
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(27) R — N — R' + H —O — N = 0 


H 


R R' 

\ / 

N 

/®\ 

H N 


=o 


R R' 

\ / 

N 

/©\ 

H N —OH 

O© 


4- OH' — R —N —R' + HjO 


i 


• V 

V 


T* k < 

¥ 


J 



N=0 


(28) R—N — 



■■ r» 

[R —N = N—OH] 


[R + ] + N 2 + OH 


(29) [R + ] + OH 


ROH 


Tertiary aliphatic amines have often been said to be inert to nitrous 
acid. This is true only for cold solutions of low pH (less than 3), in w hich 
virtually all of the amine has been converted to its ammonium salt. At 
higher pH (3-6), the amine is attacked with cleavage of one alkyl group 
from the nitrogen atom to form a secondary alkyl nitrosoamine and prod¬ 
ucts of the cleaved alkyl group. The secondary amine produced in eq. (32) 


© 

(30) HN0 2 + H + — H 2 0 + N==0 


( 31 ) (QHjJjN: + NO + — (C 2 Hj) 3 N — n=o — 


© 

(C 2 H i ) 2 N = CHCH3 + 


[HNO] 


(32) (C 3 Hj) 2 N = CHCH 3 + H 2 0 — (QHjhNH/ + CH 3 CH = 0 

behaves then as expected from eq. (27). The nitroxyl (HNO) produced in 
eq. (31) forms nitrous oxide. The reaction course is believed to be that of 
eqs. (30) to (32). 

Tertiary aromatic amines undergo electrophilic substitution under simi¬ 
lar conditions. 




N,N-dim©thylaniline 


+ 


hno 2 



p-nitroso-N,N-dim©thylanilin© 


+ 


h 2 o 


24-3 PROPERTIES AND REACTIONS OF DIAZO COMPOUNDS 

Diazo compounds have a well-earned reputation for instability. They 
arc normally handled in dilute ether solutions and are purified by distilla- 
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tion in such a way that the vapors contain a little diazo compound in 
ether. Whenever diazo compounds are allowed to concentrate in the still- 
pot, in the vapors or in the condensate, a detonation is probable. 

As noted before (§13-5A), photolysis or pyrolysis of diazomethane 
gives methylene. Uncatalyzed photolysis or pyrolysis gives a highly 
reactive species with the unshared electrons having antiparallel spins 
(eq. 34). Photolysis with a photosensitizer or catalytic pyrolysis (eq. 35) 

H 

hi>, 20* , j . 

(34) CH 2 =N=N - let + N 2 

or a, 265 

H 


(35) CH 2 =N=N 


h». (C 6 H 5 )2C=0 

. ■ ■ ■ ^ 

or A, Cu powder 


H 


I C t + n 2 


H 


gives a somewhat less reactive diradical with the unshared electron spins 
parallel. Thus, the photochemical or pyrolytic reactions of diazomethane 
depend to some extent on the manner of decomposition. 

Not all reactions of diazoalkanes involve their decomposition to car- 
benes. Diazomethane and other diazoalkanes are active nucleophilic re¬ 
agents due to resonance structures which place negative character on the 
carbon atom. In addition, diazomethane easily accepts a proton to form 
the electrophilic species, II. 


\ 

© 

0 . 

\ e 

© ... 4 - 

c: 

:N 

::n • 

© : C •' N : N: 

C—N=N 

/ 


• 

• 

/ 

/ 

H 



H 

H 



canonical structures 

resonance hybrid 

*- © i- 





(36) CH,—N=N 

+ 

H s=* CH 3 —N=N 





it 


A. Addition to Olefins 





A cold solution of diazoalkane reacts with an olefin to form a 1,2- 
diazoline (pyrazoline). 

H H 

\ / I I / 

(37) R—CH=N = N + C. — — — C — C~ — —C — 

R —CH N R —CH N 

W \ / 

N NH 


a pyrazoline 
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Irradiation with a sensitizer or catalytic decomposition of a diazoalkane 
gives a carbene which adds to form a cyclopropane derivative (eqs. 35 and 
38). Configurations of group* f.vn- ‘he olefin are mixed in the product. 

\ / ' i 

(38) RCH + C=C - — C C- 

/ \ ' / 

CH 

i 

■ R 


B. Insertion Reactions 

Diazomethane is useful for extending chain lengths of carbonyl com¬ 
pounds by insertion of methylene units. It is assumed that the carbonyl 
group suffers nucleophilic attack by diazomethane. The resulting dipolar 


(39) R—c—R' + CH 2 =N=N 
O 


R' O 0 

X <X 

R X X CH ? — N = N 


compound eliminates nitrogen to give an intermediate which may re¬ 
arrange or may close to an epoxide. The sequence suggested in eqs. 39 to 
42 remains to be established (e.g., certain of the steps may be concerted). 
Similar reactions occur with aldehydes. 


R O© 

,<0) X • 

R CHjN 


-N 2 


= N 


\/° e 
R X X CM 5 ® 



R<^fH,® 


o 

II 

R—C —CH 2 R 


R O© 

< 42 > 

R X Vh ® 


V° 

r/ X ch 


Acetone gives 38% of methyl ethyl ketone and 33% of isobutylene 
oxide. 


I CM 2 Nj II / \ 

(43) CH 3 C—CHj -CH 3 C—CH 2 CH 3 + (CH 3 ) 2 C-CH, 

The reaction is particularly useful for ring expansion of cyclic ketones. 
For example, cyclohexanone gives a 63% yield of cycloheptanone and the 
latter can be converted in similar yield to cyclooctanone. 
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V° 

The Wolff rearrangement (eq. 46), one step in the Arndt-Eistert synthesis 
by which a carboxylic acid is increased in chain length by one carbon 
atom, (eqs. 45-47) is another reaction which may involve carbene forma¬ 
tion. The ketene produced may be isolated or may be formed in a 
protic medium which will react by addition to the ketene to give an acid, 
ester, anhydride, or amide. 

(45) RCCI + 2 CH 2 =N=N — R—C—CH=N=N + CH 3 CI + N 2 

o o 



(46) R —C*£H = N=N 


(order of electron transfers unknown) 


_ ^ _ 

Cu or Ag 


R — CH —C=0 + N 2 

a ketene 


(47) R—CH=C=0 + HY — R—CH 2 —C—Y 

O 

Y = OH, OR', OCOR', NH 2 , NHR' or NR' 2 


Thus w-nitrobenzoic acid is converted to w-nitr 
yield. 


ophenylacetic acid in 65% 


(481 




C. Alkylation Reactions 

Diazomethane provides one of the cleanest methods for the methylation 
of acidic compounds. The reaction is quite general and works even with 
highly hindered compounds which cannot be methylated by methyl sulfate 
or methyl iodide. Were it not for the inconvenience and hazards inherent 
in using diazomethane, this reagent might well displace all others for the 
methylation of costly substrates. Since diazomethane methylations occur 
with acids or are acid-catalyzed, methanediazonium ion is probably 
an intermediate in the reaction (eq. 45). Whether the ion pair formed in 
this reaction collapses to give nitrogen and product (eq. 46) or involves 
first loss of nitrogen to give a methyl cation (eq. 47) is not known, al¬ 
though for some substituted diazoalkanes tne latter path has been demon¬ 
strated. 
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(45) CH 2 —N=N + HZ — CH 3 — N 2 *Z~ 

(46) CH 3 —Nj + Z" — CH 3 Z + N 2 (g) 

(47) CH 3 —N 2 + — CH 3 + + N 2 

(48) CH 3 + 4- Z” —* CH 3 Z 

Diazomethane (as well as other diazoalkanes) requires protonation for 
reaction to occur. Thus, methylation occurs normally only with organic 
acids and phenols, but not with alcohols. Alkylation of alcohols, how¬ 
ever, may be catalyzed by boron trifluoride. This reagent transforms al¬ 

cohols into strong acids (eq. 49) which are now able to protonate diazo¬ 
methane (eq. 45). 

© 

(49) ROH + BF 3 — R—6—H 

I© 

BF 3 


24-4 OTHER RELATED ELIMINATIONS OF NITROGEN. THE 
WOLFF-KISCHNER REDUCTION 

The hydrazone of a ketone or aldehyde can be converted to a hydro¬ 
carbon by treatment with a strong base at high temperatures and under 
anhydrous conditions. 


A. Reaction Mechanisms 

Studies of reaction rates have indicated that the rate depends on two 
slow steps. Either of two mechanisms may agree with the data so far 
available. In eqs. (50) and (51) the base catalyzes tautomerizalion of the 
hydrazone, which then eliminates a nitrogen molecule. The resulting free 
radicals rapidly recombine. 


(50) R—C=N—N—H 


R' 


H 


OR 


© 


R—CH — N = N — H 


H 


R’ 


R— 


(51) 


R — 


I 

C- 

R' 

H 

I 

C- 

R' 


+ (• H) + : N=N 


+ [-HJ — R—CH 2 —R' 


Alternatively, the base may remove a hydrogen ion from the hydrazone, 
after which heterolytic, rather than homolytic, cleavage may occur. The 
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carbanion formed quickly removes a hydrogen ion from the next molecule 
of acid, which may be moisture or alcohol present in traces, or more 

hydrazone. 


(52) R—C—N 

R' 


—N—H + 

I 

H 


© 

• • 

OR 


n 


H—N=N: e j + R" 


R—CH—N= 

I 

R 


OH 


(53) [R—CH—N=N: 0 


R' 


H 


R—O 0 

L R' J 


+ :N=N:(g) 


(54) 


H 

R-C: 0 

L R' J 


+ H—Z 


R—CH 2 —R' + Z 


• © 


(H —Z = HOR", HOH, or H 2 N — N=CR 2 ) 


B. Representative Reactions 

Some compounds, like benzophenone hydrazone, merely require heat¬ 
ing with excess hydrazine hydrate. Others, such as camphor hydrazone, 
require heating for long times at temperatures as high as 200° with sodium 
or potassium alkoxides. Of the basic catalysts, potassium /-butoxide in 
dimethyl sulfoxide is considerably more effective than the more often used 
dry sodium ethoxide. 





h 2 o 




camphor hydrazone 


NaOCj 
190°, 18 hr. 



bornone 
(84% yield) 



Applicability of the Wolff-Kishncr method is quite broad. Most double 
bonds and functions other than carbonyl arc not affected, as long as they 
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are not sensitive to strong base. Compounds insoluble in water are 
readily reduced by this method. The reaction does not seem to be subject 
to steric hindrance. 


C. Side Reactions 

Three major side reactions can occur in the reduction. Two of these are 
readily avoided by rigid exclusion of water. These are azine formation 
(eq. 58) and reduction to carbinols (eq. 59). 


(57) 

R?c 

= N 

—nh 2 

+ 

h 2 o — 

r 2 c=o + h 2 n—nh 2 

(58) 

R?c 

= N 

— NH 2 

+ 

e o- 

r 2 c=o 

— R 2 C = N — N=CR 2 + HjO 

(59) 

R 2 C= 

=o 

+ 

—CH 2 — R' 

— R 2 CH — O + R CH—O 


A third side reaction, characteristic of conjugated enones, has become 
a synthetic tool in its own right. Healing the hydrazone of an a, £-un- 
saturated ketone gives a pyrazoline which, upon treatment in the usual 
WolfT-Kishner manner, eliminates nitrogen to form a cyclopropane de¬ 
rivative. 



R — CH==CH—C—R' 



distillotion 



o pyrazoline 


(61) 


H 


N: 


+ OR” — 




:n: 

© N 


O' 


+ R''OH 


1 


(62) 


oi 


:N: 


R 


15 I 
N < n - C 


• G 


R' 



R —CH— 

• • 

CH ? 

—• 

0 

\ 



:C—R 

| 


- 


+ N 


(63) 


R— CH — CHj 

o \ 

:C—R' 


R —CH—CH 


/ 


\ / 

C 

° V 


(64) 


R- CH —CH, 

V 

O' \ 

R' 


-♦ HZ —• R — 


CH~ CH 2 

\ / 

CH 


R' 
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QUESTIONS AND PROBLEMS 

1. Write equations for the reactions that occur between the substances listed 
together below. Use structural formulas for organic compounds and indicate 
essential conditions. If more than one product is likely, write an equation for 
the formation of each. 

a. naphthalene-1-diazonium chloride, cuprous bromide, and hydrobromic 
acid 

b. 2-methylcyclohexanone and diazomethane 

CH,OH 


e. cortisone hydrazone. 

/-butoxide in dimethyl sulfoxide 

2. Write the equations for the preparation of the following azo dyes from 
suitable aromatic amines and coupling agents. 

a. sodium 4-(2-hydroxy-l-naphthaieneazo)benzenesulfonate (orange II) 

b. l-(4-nitrobenzeneazo)-2-naphthol (para red) 

c. disodium biphenyl-/?,/j'-bis(3-azo-4-aminonaphthalene-l-sulfonate) (congo 
red) 

d. sodium 4-hydroxy-3-benzeneazonaphthalene-l-sulfonate (tropaeolin) 

e. l,3-bis(2,4-diaminobcnzeneazo)benzene (Bismarck brown) 

3. Discuss the probable merits of the two ways of preparing 4-aminobenzenea- 
zophenol by coupling. 

4. Show how the following syntheses might be performed to give acceptable 
yields of the desired products. Indicate inorganic reagents and essential condi¬ 
tions. Use structural formulas for organic compounds. 

a. sodium 4-(4-dimethylaminobenzeneazo)benzenesulfonate from aniline, 
methyl iodide, and inorganic reagents. 

b. Bismarck brown (see Question 2e) from benzene and inorganic reagents 

c. w-dichlorobenzene from benzene 

d. /?-tolunitrile from toluene 

e. w-bromophenol from nitrobenzene 

f. /?-difiuorobenzene from benzene 
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g. 1,4-naphthalenedicarboxylic acid from naphthalene 

h. />-dinitrobenzene from aniline 

i. 4-phenyl-3-butenamide from benzaldehyde, acetic anhydride, and diazo¬ 
methane 

j. cycloheptanone from cyclohexanone and methylamine 

5. Show how the following syntheses might be performed to give acceptable 
yields of the desired products from diazomethane and other suggested starting 
materials. Indicate inorganic reagents and essential special conditions. 


a. 


3a,4,5,6,7,7a-hexahydroindiazole, 



from a suitable olclinic 


hydrocarbon 



norcarane. 



from a suitable olelmu. 


hvdrocarbon 

w 


c. benzerte-l,2-diacetic acid from phthaloyl chloride 

d. methyl 2,4,6-trimethylbenzoate from mesitylene 

c. 4-methyl-2,6-di-/-butylanisole from phenol, /-butyl chloride, and methyl 

alcohol 

6. Show how the following syntheses can be accomplished with the utilization 
of the WolfT-Kishner reduction. 


a. 1,5-diphcnylpcntane from 
benzaldehyde and acetone 

b. 1,1,2-trimethylcyclopropane 
from acetone 

c. 1,2-dipHenylcyclopropane from 


benzaldehyde and acetophenone 

d. H-propylbenzene from benzene 
and propionic acid 

e. ethylcyclopropanc from ethyl 
acetoacetate and ethylene 




Molecular 

Rearrangements 


25-1 VIOLATIONS OF THE RULE OF MINIMUM STRUCTURAL 
CHANGE 

In most of our study of organic chemistry, we have noted that reactions 
in which one functional group has been replaced by another proceed in 
such a way as to maintain the same basic carbon skeleton (rule of mini¬ 
mum structural change). Thus, we observe that ordinarily the new group 
enters the molecule and becomes attached to the same atom from which 
the old group leaves. On the other hand, we have pointed out that many 
reactions are accompanied by skeletal rearrangements and that these are 
readily understood on mechanistic grounds. The purpose of this chapter 
is to consider the mechanism of certain rearrangements in detail and to 
describe others not yet mentioned in earlier chapters. 

A. Classification of Molecular Rearrangements 

t 

Many molecular rearrangements proceed via stepwise mechanisms. 
When this is the case, it is possible to classify rearrangements which 
appear to be quite diverse as being examples of some general mechanistic 
type. This obviously simplifies the task of understanding these interesting 
reactions. One class of intermediates may be classified as electron- 
deficient , where species are involved in which one atom has less than an 
octet of electrons in the valence shell and the driving force for the re¬ 
arrangement is the completion of the octet. While these may include free 
radicals, where there are seven electrons in the valence shell of one atom, 
free-radical rearrangements (see §26-5) are not very important and will 
therefore not be discussed here. We shall limit the discussion in this 
classification to rearrangements involving intermediates with atoms hav¬ 
ing only six electrons in the valence shell. 

A second class of rearrangements involves intermediates in which one 
atom has an unshared electron pair with which it conducts an internal 
displacement reaction. These we call electron-rich rearrangements. Cer- 
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tain other rearrangements have no intermediaies (or are of uncertain 
mechanism) and are therefore not readily classified. 


25-2 REARRANGEMENTS INVOLVING E LE CTR ON - DE FICIE N T 
INTERMEDIATES. GENERAL CONCEPTS 

Rearrangements involving electron-deficient intermediates have alreadv 
been considered in a variety of portions of this text. Included in this 
class are allylic rearrangements (eq. 1), which have been discussed in 
detail in §12-1 B(5), where the intermediate is an allylic hybrid cation. 


(1) RCH=CHCHj : X 


RCH—CH—CH 2 + :x 


RCH —CH = CH 2 

I 

X 


The rearrangements observed in carbonium ion displacement reactions, 
for example, the formation of tert-amyl alcohol from neopentyl chloride 
(eq. 2), have also been discussed at length (§I2-2D(D). In such processes 


CHj 

| 

(2) CHj—<j—CH ? CI + AgOH 

ch 3 

neopentyl chloride 


ch 3 — 


ch 3 

2 > 

<=-C H > 

ch 3 


CHj CHj 

CHj—C — CH 2 CH 3 CH 3 C CH 2 CH 3 

OH 

left-amyl olcohol 


a n electron pair plus the atom or group to which it is bonded migrates 
from one carbon atom to another. This latter group can be categorized 
as having a rearrangement as shown in Fig. 25-1A and represents a special 
class of a more general type represented by l ig. -5-1B. In the more 
general case a pair of electrons originally bonding group Z to atom A is 
transferred (along with Z) to the electron-deficient atom B (which ordi¬ 
narily, but not necessarily, is next to A) so that the new species has a 
® Z bond. Z may be a hydrogen atom, an alkyl or aryl group, or a 
nitrogen, oxygen, sulfur, or halogen atom, although the precise details of 
the transfer may vary with differing Z groups. For all of the reactions 
We W 'U consider, A will be a carbon atom, while B may be C, N. or O. 


A. Carbon to Carbon Migrations 

(0 Carbonium Ion Rearrangements. The rearrangement step of the 
^ a gncr-Mccrwcin rearrangement involved in the translormation ot neo- 
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Fig. 25-1. (A) A carbonium ion rearrangement. Note that group Z 
migrates with electron pair and that the right-hand carbon atom be¬ 
gins with an electron sextet and ends with an octet, while the opposite 
is true for the left-hand carbon atom. (B) General case for electron- 
deficient 1,2-shifts. Note that migration terminus atom B originally 
has six electrons in its valence shell and ends w ith eight, while migra¬ 
tion origin atom A loses that electron pair. If no other electron shifts 
occur, atom B loses one positive charge (or gains a negative one) in the 
rearrangement, while atom A gains one positive charge. 


pentyl cation to tert -amyl cation (eq. 2) and involved in the pinacol re¬ 
arrangement (§ 12-2D( 1) and outline 3) are alike in that in each a methide 


(3) 


CH 3 CH 3 

CH 3 — C-C —CH 3 

OH OH 

pinacol 


H 


CH 3 ch 3 

ch 3 — c —c-ch 3 


OH ©OH ? 


ch 3 ch 3 

ch 3 -c— c —ch 3 

OH 


© 

ch 3 —c 


ch 3 


CH, 


CH, 

c—ch 3 

— ch 3 c— 

- c— ch 3 

—— ch 3 c- 

1 

-c— 


1! 


II 

1 

ch 3 

©OH 

• • 

ch 3 

0 

ch 3 


pinacolone 


(CH.,:) group migrates from one carbon atom to another, as in Fig. 
25-1 A. In the case of neopentyl-rm-amyl, the driving force of the re¬ 
arrangement is the conversion of a primary cation to a more stable ter¬ 
tiary ion, while in the second case a more stable ketone conjugate acid is 
formed. 

The group whose departure leaves the carbon atom electron-defi¬ 
cient may be any of those ordinarily considered in displacement reac¬ 
tions (§I2-1A(2)). hor example, the rearranging carbonium ion may be 
formed by loss ol water, halide ion, toluenesulfonate ion, or nitrogen 
formed by the action of nitrous acid on an aliphatic amine, RNH 2 


MONO 
H * * 


RN 2 + 


R * + N 2 ). 
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While it is true that in the examples mentioned, the less stable ion 
rearranges to the more stable one, the reverse may be true when ions are 
formed many times in the course of a reaction and the less stable one is 
trapped as a less reactive product. 

This is observed in the rearrangement of n-butane to isobutane, an 
important process used in the petroleum industry (see §44-lC(5)). This 
reaction is catalyzed by aluminum chloride and an alkyl halide (or some 
other carbonium ion source) and gives an equilibrium mixture of almost 
equal amounts of each isomer. A suggested reaction path is represented 
in eqs. (4) through (8). 


(4) RCI + aicI 3 — R + AICI 4 " 


(5) R + + CH 3 CH 2 CHCH 3 -* RH + 

• • 



H H 

H H 

— ©C — c —CH- 

(6) 

CH 3 :C—C — CH 3 


IA/ 

1 1 

H CH 3 


H H 

H 

( 7 ) 

1 1 

1 © 

H —C-C —CH 3 

| 

©c—c— ch 3 — 

1 1 


1 1 

H CH 3 

H CH 3 


cn 3 


(8) 

ch 3 —c—ch 3 + 

CHjCHjCH —CH 


■ - 


ch 3 

1 

© 


ch 3 —c— ch 3 

+ ch 3 ch 2 chch 3 


H 


H H 

CH 3 :C — C—CH 3 

I ® 

H 


> 


initiotion 




/• chain 




Note that eqs. (6) to (8) constitute a chain in which two endergonic 
reactions occur. The first is step (6) involving rearrangement from a 
secondary to a primary cation. The second is step (8) which is an inter- 
molecular hydride transfer (note the correspondence ot this reaction to 
the intramolecular hydride transfers which lead to rearrangement) where 
a tertiary carbonium ion reacts and a secondary is formed. On the other 
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hand, step (7) is exergonic. One should remember, however, that in the 
reverse isomerization, that is, isobutane to rt-butane, all of the reactions 
also proceed, but in the reverse fashion. Like all equilibria, thermody¬ 
namic factors, rather than kinetic ones, control the position of equilibrium 
in this reaction, and endergonic steps are readily accommodated so long 
as they are not prohibitively slow. 

( 2 ) Carbene Rearrangements . While trivalent carbon atoms with elec¬ 
tron sextets are positively charged cations, corresponding bivalent species 
(carbenes) are neutral. They are, however, quite reactive and among their 
reactions (see §13-5A) are a variety of rearrangements. Carbenes may be 
prepared by the decomposition of diazo compounds, and the decomposi¬ 
tion of a diazoketone (Wolff rearrangement , eq. 9) to a ketene is a step in 

the important Arndt-Eistert synthesis of carboxylic acids (§24-3B, eqs. 
45—47). 


(9) 

O H 

II I n. 

R—C—c=^n=n: 



a carbene 


Aq 

cat. 

-N 2 



H 

e I 

0=C—C—R 

• • 

© 


o=c=c 


\ 


H 


Carbenes may also give insertion reactions into carbon-hydrogen 

°nds. An example is the preparation of tricyclene from diazobornare 
(cq. 10). 



diazobornarte 




tricyclene 


B. Carbon to Nitrogen Migrations 

We have already discussed (§I3-5B) several reactions in which rear- 
rangement to an electron-deficient nitrogen atom is involved. These in¬ 
clude the Hofmann (eq. 11), Curtius (eq. 12), Schmid, (eq. 13). and Lessen 
(eq. 14) rearrangements. 
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(11) RC—NH 2 
O 


NaOBr 


(12) RC—NHNH 2 


NaN0 2 

H v 


RNHj + NajCOj 
O 

II 

- RC—N = N = N 


R — N=C=0 


O 

II 

(13) RC—OH + NaN 


h 2 so 4 


- RC — N = N = N 


H,0 + * 

R — N=C = 0-- RNHj + C0 2 


(14) R—C —NHOH P> ° S -— R N=C = 0 

All of these involve the same intermediate, an acylnitrene, vvhich re¬ 
arranges to an isocyanate (eq. 15). The product which is isolated depends 


O 

II *"> 

(15) R : v Cj^N: — o=C = N—R 

acylnitrene on isocyonote 

upon the reactivity of the isocyanate under reaction conditions. When 
aprotic solvents are used, the isocyanate can be isolated. In water the 
product is the amine (eq. 16), and in alcohols urethanes are formed (eq. 

17). 

O 

(16) R — N=C = 0 + HjO — RNHC —OH — RNH 2 + C0 2 

O 

II 

(17) R—N—C=0 + R'OH — RNHC —OR' 

When the R group is optically active, the rearrangement proceeds with 
net retention of configuration. Thus, these rearrangements proceed in 
such a fashion that the transfer of R from carbon to nitrogen occurs on 
the face of the migrating carbon atom. A transition state (or inter¬ 
mediate) of structure I must therelore be involved. 



o-A. 



I 

Similar stereochemical results (retention 
group) have been observed in all varieties 


ii 

of configuration of migrating 
of electron-deficient rearrange- 
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merits, and thus the generalized transition state (or intermediate) II ap¬ 
pears to be common to all of these. 

(1) The Beckmann Rearrangement. When an oxime is treated with a 
strong acid (or with phosphorus pentachloride followed by hydrolysis), it 
is converted to an amide (eq. 18). 



R R 

V/ h 2 so, 

c -- 



an oxime 


O 

RC —NHR 


an amide 


One might reasonably assume that the mechanism given in eqs. (19) 
through (24) is followed (but see the following section for modification). 


(19) 


R R 


+ H* 


.N 


O—H 


R R 


N. © 
■ . 6 : 

H "H 


( 20 ) 


\-/ 


c 

II 

N 


: © \ 

OHj 


R R 

V 

II© 

N 

• • 

azonium ion 
intermediate 


+ h 2 o 


(21) 

r\ r\ 

he' - 

V. II© 

■N 

r .. © 

R — N —C — R — 

oc 

1 

u 

III 

©z 

1 

or 


© 

R — N = C — R 

• • 


© 

OH 2 

(22) 

+ H 2 0 — R- 

-N=C — R 


©oh 2 

1 

OH 


(23) 

R —N = C—R 

— R —N=C — R 

• • 

+ H + 


OH 

i 

O 

II 

— R —N —C —R 
| 


(24) 

*3 

1 

:z 

II 

n- 

1 

X) 



imidol 

1 

H 

amide 
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This mechanism is consistent with the observation of l8 0 exchange 
when the reaction is conducted in aqueous acid containing an excess ot 
heavy oxygen. This shows that the reaction involves the separation of the 
oxygen atom from the nitrogen atom without concurrent attachment of 
the oxygen to carbon. 

(2) Stereochemistry of the Beckmann and Other Electron-Deficient Rearrange¬ 
ments Ketoximes prepared from unsymmetrical ketones may have iso¬ 
meric structures (i.e., Ill and IV). The terms syn and anti are used to 
describe the relationship of the hydroxyl group to the groups R and R . 


R R' 


IV 

Thus in III, the hydroxyl group is syn to R and anti to R ; in IV. the 
reverse is true. The term syn is equivalent to cis and anti to trans , which 
we have used in describing similar geometric isomerism in olefins. The 
terms cis and trans may also be used in discussing carbon-nitrogen double¬ 
bond isomerism. Such isomers are configurationally stable, and in many 

cases both oximes can be isolated and studied. 

If the mechanism suggested in the previous section were correct, then 
both members of a pair of isomeric ketoximes would proceed through the 
same azonium ion intermediate (eq. 20), and both isomers would give the 
same amide product or an identical mixture of the two possible amide 
products (outline 25). In fact, however, this is not the case; the reactions 
are stcreospecific and isomeric amides are produced from respective iso¬ 
meric oximes. 


R R' 

N/ 

ii 

N. 

HO^ • 

III 


(25) 


V 


N 



O 

II 

R'C-NHR 


,no7 ^r-; 


R R’ 


N 


O 

II 

RC — NHR 






to" 




HO 


The fact that the migration is anti and not syn was demonstrated in a 
classical experiment by Meisenheimer, who set himself the task of prepar¬ 
ing an oxime of known configuration. To do this he synthesized one of 
the monoximes of benzil by ozonolysis of compound V (eq. 26). In the 
product oxime, the hydroxyl group must be anti to the phenyl and syn to 
the benzoyl group. Rearrangement of this oxime gave the anilide of 
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(26) C 6 H 5 C-C-C 6 H s 


0 3 


N C 

V 


-c 6 h : 


c 6 h 5 —c—c—c 6 h 5 

NO ^ 


o-c— c 6 h 5 


c 6 h 5 —c—c—c 6 h 5 

N O 

\ 

OH 

VI 

benzil monoxime 
syn to benzoyl group 


phenylglyoxalic acid (eq. 27), while that of the isomeric oxime, obtained 
along with VI from benzil and hydroxylamine, gave dibenzamide (eq. 28). 



QH 5 —c—C—C 6 h 5 

!! II 

N O 



syn to benzoyl 



o o 
II II 

c 6 h 5 nhc—cc 6 h 5 


phenylglyoxalanilide 


(28) C 6 H s C CC fl H 5 


H 


HO 


/ 


N O 


anli to benzoyl 


QH 5 C—NH—CQHj 
O O 


dibenzamide 


The results clearly show that an intermediate such as the azonium ion 
(eq. 20) cannot be involved and that any mechanism involving such an 
intermediate must be incorrect. One can, however, accommodate the 
stereochemical data, as well as all other data, by assuming that the 
transformations represented in eqs. (20) and (21) are not separate events 
but are coalesced into one step. Thus one assumes that the migration of 
R Irom carbon to nitrogen is concerted with the heterolysis of the nitro¬ 
gen-oxygen bond, as in eq. (29). In such a process, then, anti migration is 
required. 



transition stat© 
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Experiments involving not only carbon to nitrogen migrations, but also 
carbon to carbon migrations have shown that in most, although perhaps 
notin all, such rearrangements, migration of ami groups is the stereo¬ 
specific result. We therefore generally assume that a transition state of 
structure VII is involved in such cases. 

Z 

• • 

• • 

• • 

• • 

A-B 

Y 

VII 

(3) Uses of the Beckmann Rearrangement. As so many other methods are 
available for the preparation of amides, especially direct methods such as 
the acylation of amines, the synthetic usefulness of the Beckmann re¬ 
arrangement is rather limited. However, one example is of considerable 
industrial importance; it involves the rearrangement of cyclohexanone- 
oxime to cu-caprolactam (eq. 30). This gives a simple synthesis of a seven- 
member lactam ring not readily prepared otherw ise. Polymerization of 
co-caprolactam leads to nylon 6, an industrially important polyamide (see 
§46-5B). 



uxoproloctam nylon 6 


Other medium size ring lactams are also prepared by the Beckmann 
rearrangement. 

C. Carbon to Oxygen Migrations 

Rearrangement of groups from carbon to electron-deficient oxygen is 
observed in several interesting and important reactions, of which we shall 
describe the rearrangement of hydroperoxides and the Baeyer-Villiger 

oxidation of ketones to esters. 

0) Rearrangement of Alkyl Hydroperoxides. When an alkyl hydroper¬ 
oxide is treated with strong acid, rearrangement to a hemiacetal occurs. 
The example given is the industrially important production ot phenol and 
acetone from cumene hydroperoxide (for preparation of the latter, see 

§26-4C(2) 

(pH, C*H } 0 

(31) CHj—C—6—OH + H* — CH, —C —O —0:H 

k ' " U " 
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c*h 5 


© 


(32) CH 3 —C—O—0:H 

• • 

H 


ch 3 


c*h 5 

ch 3 —c—6® 
I - 

ch 3 


H 2 0 
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I © 
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ch 3 


0 

ch 3 —c—oc 6 h 5 
ch 3 
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(36) CH 3 —C—OC 6 H s 

ch 3 
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II 

CH 3 CCH 3 + C 6 H 5 OH 
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Note that the phenyl group migrates (eq. 33) rather than the methyl 
group, even though a more stable carbonium ion would result (stabiliza¬ 
tion by phenyl rather than methyl) if the latter occurred. This preferred 
migration is explained by the delocalization of the positive charge in¬ 
volved in the transition state (or intermediate) for phenyl migration, VIII. 
This intermediate is similar to that involved in aromatic electrophilic dis¬ 
placement (Chapter 15), which is very closely related. Aryl groups are 
observed to migrate more readily than alkyl groups in all (stereochemi- 
cally permitted) electron-deficient rearrangements. 



V!ll 

(2) The Boeyer-Villiger Reaction. When a ketone is treated with an or¬ 
ganic peracid or with Caro’s acid (peroxysulfuric acid, H 2 SO s ), it is con¬ 
verted to an ester. The key step (eq. 39) in this reaction is another example 
of a rearrangement from carbon to electron-deficient oxygen. 
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(43) 
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benzilic acid 


(as salt) 

25-3 MIGRATIONS TO ELECTRON-RICH CARBON ATOMS 

A variety of organic reactions involve skeletal rearrangements in which 
a group is transferred without its electron pair. Most of these can be 
classified as internal displacement reactions (eq. 46), where an unshared 
electron pair on an atom B in one part of a molecule forms the B — Z 
bond, displacing atom A and leaving it with the electron pair. 

z z 

I .. ..I 

(46) A-^B —* 


A. The Favorsky Rearrangement 

The Favorsky rearrangement is an example of a migration to an electron 
rich carbon atom. This reaction involves the conversion of a-chloro- 
ketones to salts of carboxylic acids by alkali (eq. 47). Enolate ions and 
cyclopropanones are suggested as intermediates. An interesting example 
is seen in the conversion of 2-chlorocyclohexanone to the salt of cyclo- 




O 

I! I 

c—c—Cl 




C—C—CO," 

I i 

H 


pentanecarboxylic acid. This example and the accepted mechanism are 
shown in eq. (48). 



2-chlorocydohexanone 
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H H 




cyclopentoneca»bo*flic 

ocid onion 


B. The Stevens Rearrangement 

Another such rearrangement occurs in the treatment of benz\ldialk>I 
ammoniomethyl aryl ketones with alkali. The reaction interme late in t e 
Stevens rearrangement is a zwitterion or ylide. The reaction course 
follows. 



O 

© II 

R 2 N—CH,C—Ar + OH 
CH 2 
Ar 


benzyldialkyl- 
ammoniomethyl 
aryl ketone 


U 

R 2 N — CH — CAr + H 2 0 
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Ar 
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R ^i-C- CrAr 
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I 
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25-4 AROMATIC REARRANGEMENTS 

Two classes of rearrangements involving aromatic compounds can be 
readily classified and discussed separately. One of these involves migra¬ 
tions of substituents from one position on the ring to another. The second 
involves migration of an atom or group from an atom contiguous to the 
ring to a position ortho or para to that atom. 

A. Migration of Substituents on Aromatic Rings 

A number of examples of rearrangements of substituents on rings from 
one position to another have already been discussed. Among these are the 
Jacobsen rearrangement (see §16-6), where treatment of durene with 
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sulfuric acid leads fo the formation not only of durenesulfonic acid but 
also of prehnitenesulfonic acid (eq. 53) and the rearrangement of a-naph- 



h 2 so 4 



so 2 oh 


thalenesulfonic acid to the equilibrium mixture containing 85% of /5-naph- 
thalenesulfonic acid (eq. 54 and §16-5C.) 


(54) 



so 2 oh 


H 2 50, 


160' 


a nophthalenesulfonic acid 



jd-nophtholencsulfonic acid 


Such rearrangements are fairly general, another example being the 
isomerization of any of the xylenes to a mixture of all three under the 
influence of Lewis acids, particularly aluminum chloride (eq. 55). 



o-xylene 


m-xylene 



pxylene 


Several mechanisms are possible for such transformations. An intra¬ 
molecular process for the latter reaction (cq. 55) may have the following 
steps (with one resonance structure indicated in eq. (57). 
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Intermolecular mechanisms are also involved, some of them represent¬ 
ing the reversal of preparative processes, as in the desulfonation and 
resulfonation believed to occur in the reaction of eq. (54) and §16-5C. 
Others are required to rationalize the disproportionation accompanying 
the Jacobsen rearrangement. Here it is assumed that the reactions in¬ 
volved include that of eq. (59), describing rearrangement, and those in 
eqs. (60) and (61) giving the steps involved in the disproportionation 

reactions. 



(61) 
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B. Rearrangements of N-Substituted Anilines and O-Substituted Phenols 

Perhaps a more important class of aromatic rearrangements is of the 
type represented in eq. (62), where A may be an oxygen or a nitrogen 
atom. These are generally, although not always, acid catalyzed. 


A —B 

I 



A —H 



A—H 



The general type of reaction discussed in this section is represented in 
eq. (63). Thus, treatment of /V-phenylhydroxylamine with sulfuric acid 
yields p-aminophenol (eq. 64); /V-benzenediazoaniline gives /7-amino- 
azobenzenc (eq. 65); baking the acid sulfate salt of aniline gives sulfanilic 



N-benzenediozooniline p o mi noazobenzene 


acid, presumably through A'-phenylsulfamic acid (eq. 66), and hydrazo- 
benzene is rearranged by acid to benzidine (eq. 67). 



aniline bisulfate N-phenylsulfamic ocid sulfanilic acid 
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Hydrazobenzene 



Many of these rearrangements are of considerable utility. The rear¬ 
rangement in eq. (64) is undoubtedly involved in the electrolytic reduc¬ 
tion of nitrobenzene to />-aminophenol in acid solution, and the benzidine 
rearrangement (eq. 67) is an important way of preparing diaminobiphenyls 
of considerable use in the dye industry. Although all the examples given 
above show nitrogen to para migration, some ortho product is generally 
observed. Ortho migration always occurs when the para position is al¬ 
ready substituted. 

Again both intramolecular and intermolecular mechanisms are in¬ 
volved. For example, the rearrangement of A'-benzenediazoaniline (eq. 
65) is clearly intermolecular (eqs. 68-71). The fact that the free diazonium 
ion is an intermediate in the reaction is demonstrated by the fact that it 
can be trapped by running the reaction in the presence of tf-naphthol, 
whereupon reaction (71) occurs rather than (70). 


H 



N-benzenediozoomline 



die ionium ion 



pomtnoozobenzcne 



Although a great deal of work has been carried out on the benzidine 
rearrangement (eq. 67), the precise mechanism has not been agreed upon. 
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The mechanistic details must satisfy the facts that the reaction is acid 
catalyzed and intramolecular. 

C. Migration of Substituents from Oxygen to Aromatic Rings 

(1) The Fries Rearrangement. When the ester of a phenol is treated with 
aluminum chloride, it is converted to an ortho- or para- hydroxy ketone or 
to a mixture of them (outline 72). In general, the para product is favored 
at lower temperatures and the ortho at higher temperatures. The reaction 
is useful in synthesis, as phenols are not conveniently acylated by the 
Friedel-Crafts reaction. 


O 



C—R 

II 

o 


(2) The Claisen Rearrangement. When the allyl ether of a phenol is 
heated above 200°, it is smoothly rearranged to an allylphenol. So long as 
an ortho position is unsubstituted, the product is the or/Zio-allylphenol 
(eq. 73). When both ortho positions are blocked, /?ara-migration occurs 
(eq. 74). Careful study has shown that the ortho rearrangement involves 



CHj — CH=CHj 


attack by the aromatic electrons at the remote end of the allylic system 
(eq. 75) giving a cyclohexadienone intermediate, which rapidly tautomer- 
izes to the phenol. As indicated, the allylic group is clearly “inverted.” 
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Migration to the para position occurs through two such dienone inter¬ 
mediates with net retention of allylic structure (eqs. 77-78). 



Similar thermal cyclic processes may occur in acyclic compounds. For 
example, heating ally 1 isopropenyl ether gives allylacetone in 85°„ yield. 


(79) 



ollyl isopropenyl ether 


250 
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II 

CH, 


CH i 


CH 

I 

CH ? 


CH 


ollylocetone 


25 *5 THE WILLGERODT REACTION 

When an aryl alkyl ketone, ArCOR, is treated with a solution of am¬ 
monium polysulfide (sulfur dissolved in ammonium sulfide solution) in an 
autoclave, it is converted to an amide in which the functional group has 
migrated to the end of the chain. This is called the Willgerodt reaction 
and represents an effective way to prepare u>-arylalkanecarboxylic acids, 
S| nce the ketones are readily available by the Friedel-Crafts reaction. 



propiophenone 
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CH 2 CH 2 CONH 2 



CH 2 CH 2 COOH 


ff-phenylpropionic acid 


A modification of this reaction which avoids the use of a sealed tube or 
an autoclave uses morpholine and sulfur under anhydrous conditions. 
This gives the thiomorpholide product (eq. 82), which is readily hydro¬ 
lyzed to the acid. 



/i-nophlhylthioocetomorpholide 



KOH 

h 2 o * 


H 


ch 2 cooh 

ii-naphlhaleneacetic acid 
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QUESTIONS AND PROBLEMS 

1. Write equations for reactions which occur when the following mixtures of 
compounds are treated under the proper conditions. Indicate the conditions. Use 
structural formulas for organic reagents and products. 
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a. 1,1,2,2-tetraphenylethane-1.2- 
diol and dilute hydrochloric acid 

b. 1, l-diphenyl-2-methylpropane- 
1,2-diol and dilute hydrochloric 
acid 

c. 3,3-diethyl-2-pentanol heated 
with concentrated sulfuric acid 

d. 3-phenyl-1,2-naphthaquinone 
and sodium hydroxide 

e. benzoyl chloride and sodium 
azide 

f. octanovl azide heated 

* 


g. urea, sodium hy pobromite. and 
sodium hydroxide 

h. phthalimide. sodium hy po- 
bromite, and sodium hydroxide 

i. s»7i-rt-butyraldo\ime and poly- 
phosphoric acid 

j. arm-n-butyraldoxime and polv- 
phosphoric acid 

k. 3,3'-dinitrohydrazobenzene and 

» hydrochloric acid 

l. (*-binaphihoyl and sodium 
hydroxide 


2. Show how the following syntheses can be performed as advantageously as 
possible from the indicated starting materials and inorganic reagents. Use struc¬ 
tural formulas for organic compounds. Indicate reagents and necessary special 

conditions. 


a. phenyl isocyanate from benzoic 
acid 

b. p-hydroxybenzophenone from 
phenol and benzoyl chloride 

c. o-phenylenediamine from 
phthalic acid 

rj-butylamine from valeric acid 


e. 3.3'-d i hydroxy-4.4'-biphenylene- 
diamine from phenol 

f. 2-( I-phenylally l)phenol from 
benzene and acetic acid 

g. 4-phenyl-3-butenamide from 
benzaldehyde. acetic anhydride, 
and dia/omethane 




Free Radical 
Reactions 


26-1 NATURE OF FREE RADICALS 

During the early development of chemistry, the term radical was used to 
denote a group which maintained its integrity during the course of a reac¬ 
tion. Thus, for example, the ethyl “radical” retained its identity in the 
transformation of ethyl alcohol to ethyl bromide. 

Wurtz believed that his treatment of ethyl bromide with sodium gave 
free ethyl radicals, but subsequent molecular-weight determinations 
showed that in fact dimeric products resulted from the Wurtz reaction 
(eq. 1). 

(1) 2 CH 3 CH 2 Br + 2 No — CH 3 CHjCHjCH 3 + 2(Na + Br-) 

Experiences such as these led organic chemists to believe that, with few 
exceptions (e.g., carbon monoxide, isonitriles), only tetravalent carbon 
compounds could be isolated. In 1900, however, Moses Gomberg demon¬ 
strated the existence of the first stable organic free radical, and since that 
time much evidence has accumulated for the intermediacy of free radicals 
in both organic and inorganic reactions. As discussed earlier (§11-2A and 
§15-1), radicals or free radicals (terms now generally used interchangeably) 
are species (neutral or charged) with one or more unpaired electrons. The 
odd electron may be associated with a carbon atom as in methyl, an oxy¬ 
gen atom as in /-butoxy or benzoyloxy, a halogen such as a chlorine atom, 
and so on. We shall ordinarily denote a free radical by using a dot to 
represent the unpaired electron, Y 3 C* for example. 


H 

H: C • 

• • 

H 

ch 3 

o 


1 - 

ch 3 —CO- 

! " 

CH :p ' 

• • 

:CI 

• • 

ch 3 



methyl 

/butoxy 

benzoyloxy 



A carbon free radical may be planar (Fig. 26-1 A) with the unpaired 
electron in a p orbital, although this is not certain. If the radical is tetra- 


532 


EVIDENCE FOR FREE RADICALS 533 





A B 

Fig. 26-1. Alternative Representations of an Organic 
Free Radical. (A) Planar model, (B) Pyrimidal model. 


hedral (Fig. 26-IB), it almost certainly oscillates rapidly with inversion of 

configuration. 

26-2 EVIDENCE FOR FREE RADICALS 

It is now clear that many organic reactions involve free radical inter¬ 
mediates. Before considering details of individual mechanisms, it is 
worthwhile to consider some of the evidence for the existence of these 
ordinarily short-lived species. 

In 1929-31 Fritz Paneth and his students at the University of Berlin 
were successful in demonstrating the existence of free methyl and free 
ethyl radicals. The apparatus used is shown in Fig. 26-2. Paneth placed in 


source of 



Fig. 26-2. Apparatus for the Paneth Experiment. 
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the tube, C, a sample of tetramethyllead or tetraethyllead, which was 
evaporated into a stream of hydrogen down an evacuated tube. Heating 
the tube strongly at one point, A, decomposed the tetraalkyllead and 
deposited a lead mirror at that point. When tetramethyllead was used, 
ethane was found in the gas pumped out of the tube. When the flame was 
moved back to another point, B, on the upstream side of the original mir¬ 
ror, a new lead mirror was formed and the old one disappeared. Tetra¬ 
methyllead was found this time in the effluent gas. If the distance between 
A and B was too large, the first mirror did not disappear, but only ethane 
was found in the effluent gas mixture. The only plausible explanation 
was that methyl radicals had separated from the lead atoms at the point 
of heating. When there was a lead mirror close enough for them to react 
with it before they had all combined with each other, they reacted with 
this to form tetramethyllead. When there was no mirror, or the mirror 
was too far along, the free methyl radicals combined with each other to 
form ethane. 


(2) 

(CH 3 ) 4 Pb - 

heat 

4 CH 3 • 

+ Pb 

(3) 

4 CH 3 • + 

pb 

cold 

(CH 3 ) 4 Pb 

(4) 

2 CH 3 • — 

CH 3 - 

-ch 3 



Similar results were obtained in the experiments with tetraethyllead. 
By simple measurements Paneth estimated the half life, or time it takes for 
half of the methyl radicals to disappear, to be 0.006 sec. at a pressure of 
2 mm. in hydrogen. Measurements on other alkyl free radicals have 
shown that they have half lives of the same order of magnitude. 

Well before the Paneth experiment, Moses Gomberg had shown that 
certain types of free radicals are stable enough to be isolated. In 1900 
Gomberg prepared hexaphenylethane (a white solid) by treatment of tri- 
phenylchloromethane with silver. This substance gave a yellow solution 
which reacted rapidly with atmospheric oxygen and iodine, reactions that 
have since been shown to be characteristic of free radicals. The solution 
was nonconducting, so that ions could not be responsible for the color. 
Heating the solution increased the depth of the color and reactivity of the 
mixture; cooling it decreased both. It was apparent that an equilibrium 
was involved in which hexaphenylethane decomposed to form triphenyl- 
methyl free radicals (eq. 5). 

(5) (C 6 H 5 ) 3 C-C(C 6 H 5 ) 3 — 2 (C 6 H 5 ) 3 C • 

The triphenylmethyl radicals react with oxygen to give triphenylmethyl 
peroxide (eqs. 6 and 7) or with iodine to give triphenylmethyl iodide 
(eq. 8). 
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(6) (C 6 H 5 ) 3 C* 4- 0 2 -* (C 6 H 5 >3C—O—O- 

(7) (QH 5 ) 3 C—O—O- + (C 6 H 5 ) 3 C- — (QHs^C —O —O—C(C 6 H s ) 3 

(8) 2(C 6 H 5 ) 3 C- + l 2 — 2(C 6 H 5 ) 3 CI 

It is quite clear from the discussion above that triphenylmethyl is a 
much more stable radical than is methyl radical, and it is a fact that sta¬ 
bility increases in the order methyl, benzyl, benzohydryl (diphenylmethyl) 
to triphenylmethyl. Similarly, the allyl radical is more stable than methyl. 
A large share of the stabilization of these radicals is due to resonance, 
analogous to that described for carbonium ions (§12-1 B(4)). For example, 
the odd electron in allyl is delocalized over the three-carbon ir system, as 
indicated below. Electron delocalization in the benzyl radical distributes 
the odd electron over the ortho and para positions. The odd electron in 

H 

&■ I A- 

CH 2 =CH—CH 2 • — • CH 2 — CH=CH 2 CHj — C~ CHj 

valence-bond structures h r brid ltrwc,ure 

allyl free radical 




valence-bond structures for benzyl free radical 


triphenylmethyl is delocalized throughout the three rings, so that this 
radical is greatly stabilized compared with an ordinary alkyl radical (see 
below and Fig. 12-11). In the dimer hexaphenylethane the electrons are 
Paired in a localized covalent bond. The delocalization energy gained in 
the separation into radicals compensates in part for the loss ol covalent 
bond energy and is therefore at least partly responsible for the dissocia¬ 
tion into triphenylmethyl radicals. Steric relief is the second factor in the 
instability of hexaphenylethane. The six phenyl groups are very crowded. 
Formation of triphenylmethyl radicals relieves much of this crowdedness. 

Free radicals can be detected by means of the lollowing properties: 
paramagnetism, or attraction to a magnet by response to its magnetic 
field; absorption of oxygen or of nitric oxide; rapid decolori/ation ol 
iodine; rapid decolorization of diphenylpicrylhydrazyl, a violet-colored 
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tr»ph*nytm«thyl radical 


stable free radical; sometimes formation of transient colors or colored 
solutions which change in intensity of color with change in temperature. 
Recently, much information has been made available regarding the struc¬ 
ture of free radicals by electron paramagnetic resonance (§34-4). 
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26-3 FORMATION OF FREE RADICALS AND INITIATION OF 
FREE RADICAL PROCESSES 

Normally, free radicals are unstable with respect to the molecules to 
which they are related; that is, methyl is unstable with respect to ethane, 
chlorine atoms with respect to chlorine molecules, and so forth. It is 
therefore necessary to add sufficient energy to a molecule to disrupt one 
of its covalent bonds (usually the weakest one). Such a reaction is called 
homolysis (§11-2A) and results in the formation of free radicals in pairs. 

There are two principal methods for adding energy to a molecule. One 
is heating the molecule; the other is subjecting it to radiation which it can 
absorb. The radiation may be ultraviolet light, visible light (if the sub¬ 
stance is colored, see §33-2D), x-rays, or 7 -rays. Photochemical dissocia¬ 
tion is generally preferred over that with higher energy radiation as more 
selective reactions ordinarily result. Some examples of the formation of 
radicals by irradiation are given in eqs. (9) to (12). 


(9) Br 2 


green light 


2 Br • 


( 10 ) Cl, 


violet light 


2 Cl- 


(11) BrCCIj 


ultrcviolet light 


Br 


CCI, 


(12) PhCO—O—O—COPh 


ultraviolet light 


2 PhC0 2 • 


In such reactions, a quantum of light ( hv ) is absorbed by the molecule, 
and the energy of that quantum is utilized to disrupt the bond. 

The temperatures required for thermal activation depend on the sta¬ 
bility of the bond to be broken. Some temperatures for useful decompo¬ 
sition rates are as follows: 


03) (CH 3 C0 2 ) 2 

0 4 ) (C 6 HjC0 2 ) 2 


20-60" 


— 2 CH 3 C0 2 


60-100* 


2 C 6 HjC0 2 


CN 

05) (CHj) 2 C — N — N — 


CN 

I 

c —(CH 3 )j 


CN 


50-100* 


2 (CH 3 ) 2 C 


N 


06) (CH 3 ) 3 CO OC(CH 3 ) 3 


140-200" 


- 2 (CH 3 ) 3 CO 


O 7 ) (CH 3 CH 2 ) 4 Pb — , - 0 ~-—► 4 CH 3 CH 2 

300" 


Pb 


(i8) C i 2 2CI . 

Radicals can also be produced by single-electron oxidation-reduction, 
either by electrolysis or with chemicals. By anodic oxidation (eq. 19), 
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acyloxy radicals result from salts of carboxylic acids. An example of the 
formation of a radical by a chemical reduction is given in eq. (20). 

anode ^_• 

(19) RCOr - e' -* RCCV 

(20) (CH 3 ) 3 CO—OH + Fe 2+ — (CH 3 ) 3 CO- + OH" + Fe 3+ 


26-4 FREE RADICAL REACTIONS 

Free radicals undergo several types of reactions, some of which re¬ 
semble heterolytic reactions (hence they often confused early organic 
chemists by the discrepancies in the nature of products formed in and the 
rates of certain reactions). A few of these have already been considered 
in Chapter 15. 

The main reaction types are the following: 

Coupling: 

(21) H 3 C- + H 3 C- — CH 3 — CH 3 
Displacement: 

(22) Cl- + CH 4 — HCI + -CH 3 
Disproportionation: 

(23) CH 3 CHj + CH 3 CHCH 3 — CH 3 CH 3 + CH 3 CH=CH 2 


Addition: 



Fragmentation: 



+ o=c=o 


Reduction: 

(26) 03 C- + K- — 0 3 C: _ K* 


Rearrangement: 




Several of these reactions may be involved as steps in one stoichiometric 
“reaction." Some of the various combinations which can occur are shown 
in the subsequent sections. 
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Other names are used for some of these reactions in certain contexts. 
Thus, coupling, (eq. 21), and disproportionation, (eq. 23), are often 
termination , since these processes stop a free radical process by destroying 
radicals. Displacement, (eq. 22), is also chain transfer , the transfer of 
radical activity from one particle to another. 

Sequences of radical reactions are often chain reactions (§15-1 A), pro¬ 
cesses in which a new active radical is formed in each step, so that the 
presence of a reactive intermediate is maintained for many steps until a 
chain termination intervenes. Steps which can participate in chain re¬ 
actions are displacement, (eq. 22), addition, (eq. 24), fragmentation, (eq. 
25), and rearrangement, (eq. 27). In each such step, one odd-electron 
reagent species is involved, so that there must always be an odd electron 
on one of the product species. 

A. Radical Combination Reactions; Termination Processes in Radical Reactions 

While radicals have many reactions in which the number of unpaired 
electrons remains constant, some of which are described in following 
sections of this chapter, ultimately two radicals may combine to form 
one molecule (or more) in which the electrons are paired. Such reac¬ 
tions are called radical-combination or termination processes. The two 
radicals may be alike or they may be different, and terminations may 
occur by combination, eqs. (28) to (30) or by disproportionation (eq. 3 I). 

(28) 2 CH 3 CH 2 • -* CH 3 CH 2 —CH 2 CH 3 

(29) CH 3 CH 2 - + -NO — CH 3 CH 2 — NO 

(30) CH 3 CH 2 . + Cl- ■— CH 3 CH 2 — Cl 

(31) 2 CH 3 CH 2 • — CH 3 CH 3 + CH 2 = CH 2 

Two atoms cannot dimerize by themselves, as they have no internal 
possibilities of getting rid of the energy that must be evolved to lorm a 
stable bond. (More complicated systems can dispose ol excess energy in 
thermal vibrational and rotational excitation, see §33-3.) free atoms, 
therefore, need a third body (wall, other molecule, etc.) to which the ex¬ 
cess energy can be liberated as heat (eq. 32). 

(32) 2 Cl- + wall —* Cl 2 4- heated wall 

B. Thermal Reactions of Paraffins 

The uncatalyzed pyrolysis of petroleum fractions to give gasoline and 
gas fragments (§44-IC(l)) undoubtedly involves free radical intermediates. 
A long-chain hydrocarbon may cleave at any one of its bonds to give two 
radicals, which can then disproportionate to paraffin and olefin (eqs. 33 
and 34) or undergo depolymerization (§26-6, eq. 59). 
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(33) RCH 2 CH 2 CH 2 CH 2 R' —> RCH 2 CH 2 - + R'CH 2 CH 2 - 

(34) RCH 2 CH 2 - + R'CH 2 CH 2 - — RCH=CH 2 + R'CH 2 CH 3 

C. Free Radical Substitution 

Substitution reactions in alkanes and, under appropriate conditions, in 
many other compounds occur through free radical chain processes. Halo- 
genation has already been discussed (§15-2 and §15-3). Other substitution 
reactions of interest are nitration and hydroperoxide formation. 

(1) Nitration. When nitric acid is present at high temperatures, it de¬ 
composes to hydroxy radicals, which may initiate chains, and nitro radi¬ 
cals, which react with alkyl radicals to give nitroalkanes (eqs. 35 to 37). 
This is the basis of the commercial formation of nitroalkanes. 

(35) H0N0 2 — HO- + -NO, 

(36) NO- + RH — R- + H 2 0 

(37) R- + -N0 2 — RNOj 

The nitration reaction is much more complex than halogenation, since 
fragmentation and oxidation reactions compete with substitution. How¬ 
ever, there is evidence to show that selective attack on hydrogen atoms at 
branched positions occurs; in the nitration of propane at 420°, nearly equal 
amounts of 1-nitropropane and 2-nitropropane are obtained, along with 
nitroethane, nitromethane, and oxidation products. 

(2) Hydroperoxide Formation; Autoxidation Reactions. Evidence from 
many sources makes it clear that oxygen molecules do not contain doubly 
bonded oxygen atoms, but instead that oxygen is a diradical in which one 
unpaired electron exists in a p orbital on each oxygen atom. One result of 

• • • • 

:0:0: 

• • 

oxygen molecule 

this is that, although oxygen is too stable to react rapidly at room tem¬ 
perature with most paired electron systems, it does react rapidly with 
many free radicals, in particular with alkyl free radicals, where stable 
hydroperoxy free radicals can be formed (eqs. 6 and 38). Since the reac- 

(38) R. + 0 2 — R—o—O- 

tion shown in eq. (38) is very fast, and the hydroperoxy radicals are rela¬ 
tively inert toward many species, such as chlorine, many free radical 
reactions are slowed down, or inhibited , by traces of oxygen. However, if 
a relatively reactive carbon-hydrogen bond is present in a compound, the 
hydroperoxy radical attacks that hydrogen to regenerate the radical R* 
and to give a hydroperoxide (eq. 39). Such reaction paths are involved in 
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the formation of fer/-butyl hydroperoxide from isobutane (eq. 40), 
cumene hydroperoxide from cumene (eq. 41), and the explosive “perox¬ 
ides” found in aged ether samples (eq. 42). As such reactions are initiated 

(39) R—o—O- + R —H — R—o—o—H + R- 

(40) (CH 3 )aCH + 0 2 — (CHsfeCOOH 

ferf-butyl hydroperoxide 



cumene hydroperoxide 

(42) CH 3 CH 2 OCH 2 CH 3 + 0 2 — CHjC^OCHC^ 

OOH 

by radical producers, which the hydroperoxides themselves are when they 
undergo thermal or photochemical decomposition (eq. 43), such reactions 
are autocatalytic. When compounds which readily undergo autocatalytic 
oxidation are involved, the phenomenon is called auioxidation. 

(43) RO—OH — RO- + -OH 

An example which is both industrially important and troublesome, de¬ 
pending on whether one wishes to produce acid or aldehyde, is shown in 
eqs. (44) and (45). 

o o 

(44) RC—H + O, — RC—0 2 H 

o o 

(45) RCO,H + RCHO — 2 RCOH 

D. Free Radical Polymerization 

In the absence of a good chain transfer agent such that eq. (46) is not 
favored, addition of a radical to a reactive olefin (eq. 24) may be followed 
by many repetitions of eq. (24) to build a long polymer chain. Thus, 
polystyrene is formed from styrene. The model steps in the chain are indi¬ 
cated in eqs. (47) and (48). 

(46) y —C—c. + XY — Y — C — C— X + Y- 

(47) X- + CH 2 —CHC 6 Hj — 


XCH 2 CHC 6 H 5 
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(48) XCH 2 CHC 6 H 5 + CH 2 =CHC 6 H 5 


X—(CH 2 CH)—ch 2 chc 6 h 5 


c 6 h 5 


The molecular weight of the polymer depends upon the relative rates of 
chain propagation (eq. 48) and termination steps and chain-transfer steps. 
Polymerization is discussed in detail in Chapter 46. 


26-5 STEREOCHEMISTRY IN FREE RADICAL REACTIONS 

The best pictures of carbon free radicals indicate that at normal or ele¬ 
vated temperatures they are either planar species with the odd electron in 
a p orbital, I, or rapidly inverting pyramidal species, II. In either case, 
such species cannot lead to products with maintained configurations or 
totally inverted configurations. A consequence of this is that radical 





displacement at optically active centers leads to racemic products. For 
example (outline 49), chlorination of ac//ve>-amyl chloride gives racemic- 
l,2-dichloro-2-methylbutane. Similarly, additions to olefins are ordinarily 
not cleanly cis or trans, but instead give both varieties (eq. 50). Thus, with 
acyclic olefins, both dl. and meso (or threo and eythro) isomers result. 


H 


(49) CH 2 CH 2 — C — CH 2 CI 

•CH, 

pure stereoisomer 


ci 


Cl 


ht' 


ch 3 


CHjCHj —C —CHjCI and CH 3 CH 2 —C>-CH 2 CI 

CH 3 Cl 

racemic mixture 


(50) 


\ 


c=c 


-f XY 


— C—C 


+ —c—c 
I I 

Y 


26-6 FRAGMENTATION OF FREE RADICALS 

Still another fate available to radicals is loss of a stable molecule with 
attendant lormation of a new radical. Such paths are utilized in many im- 
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portant reactions. Acyloxy radicals, formed either by decomposition of 
an acyl peroxide (eqs. 12, 13, and !4) or by electrolytic oxidation ol a 
carboxylate salt (eq. 19), lose carbon dioxide very rapidly to give alkyl or 
aryl free radicals (eq. 51). One result of this reaction is that initiation of 
chains with acyl peroxides leads in some cases to incorporation of RCO;- 
and in some to incorporation of R •. 

(51) RCOO • — R- + C0 2 

A very important consequence of eq. (51) is seen in the Kolbe synthesis , 
which involves the formation of acyloxy radicals by anodic oxidation, loss 
of C0 2 to give alkyl radicals, and dimerization of these radicals (eq. 21). 
The net result of these can be the formation ot hydrocarbons from salts ot 
monocarboxylic acids (eq. 52) or the formation of esters of large di- 
carboxylic acids from salts of half esters of shorter dicarboxylic acids 
(eq. 53). 

(52) 2CH 3 (CH 2 ) 10 CO 2 - - 2e" - °"° d>c _» CH 3 (CH 2 ) 20 CH 3 + 2 C0 2 

oxidotion 

sodium lourate n-docosone 


(53) 2C 2 H s OCO(CH 2 ) 8 C0 2 ~ - 2e‘ — 

sodium ethyl ozaleate 

C 2 H 5 OCO(CH 2 ), 6 COOC 2 H 5 + 2 co 2 

ethyl octodeconedioate 

Alkoxy radicals may also fragment to give alkyl radicals and caroon\l 
compounds. Thus at high temperatures, /-butoxy radical gives acetone 
and methyl radicals (eq. 54). Loss of carbon monoxide from acyl radicals 


CH 3 


(54) CHj —c —O- — CH 3 • + CH 3 COCH 3 

ch 3 

occurs readily at temperatures around 200“. 
deearbonylation of aldehydes (eqs. 55 and 56). 


This process leads to chain 


(55) 

(56) 


R. + 
RC —O 


RCHO 
- R 


RH + 
CO 


RC = 0 


The reverse of eq. (56) occurs at low temperatures and high carbon 
monoxide pressures so that copolymers of olefins and carbon monoxide 
may form in radical polymerization. 

b>epolymerization or cracking also occurs at high temperatures where 
fragmentation of thermally produced radicals gives olefin monomeric 
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products. Thus, polystyrene gives styrene on heating (eq. 57), and teflon 
gives tetrafluoroethylene (eq. 58). The key to these cracking reactions is 
the loss of olefin molecules in a long chain of individual steps represented 
by eq. (59). This reaction is the reverse of eq. (48). 


(57) 

% 

-f-CH,- 

-chc 6 h 5 -}- b 

(58) 

-fcF,- 

-CF 2 f n - 

(59) 

1 

T 

1 1 1 
?" C \ C \' 

26-7 

FREE 

RADICAL 


>300° 

-* n CH 2 =CHC 6 H 5 


>600° 


n CF 2 =CF 2 


I I 

—(C—C)L • + 



REARRANGEMENTS 


C 



Although free radical rearrangements are known, they do not occur as 

readily as the corresponding carbonium ion rearrangements. Even the 

neopentyl radical is reasonably stable, although the neopentyl cation 

(§ 12-2D( 1)) rearranges completely to /erf-amyl. Thus, chlorination of 

neopentane gives neopentyl chloride and not tert -amyl chloride (eqs. 
60 and 61). 


CHj 

(60) Cl- + CH 3 CCH 3 

CH 3 



T* 

ch 3 cch 2 - 

CH 3 


+ Cl, 


ch 3 

I 

HCI + CH 3 CCH 2 - 

CH, 


ch 3 

ch 3 cch 2 ci + Cl- 

CH 3 

neopentyl chloride 


One now well-known free radical rearrangement is that of the “neo- 
phyl (2-phenyl-2-methylpropyl) radical. A notable feature of this re¬ 
arrangement is phenyl group migration to give a new radical /ess stable 
than would be obtained by methyl group migration. This is another 
example of kinetic control giving a less stable product. The transition 
state. III, lor the rearrangement is similar to that of homolytic aromatic 
substitution. 





neophyl radical 


+ 


RH + CO 


(62) 
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"normal'' products 




rearranged products 


26-8 RADICAL IONS 

The radicals discussed thus far have been electrically neutral species. 
However, radicals can have positive or negative charges. n par icu ar, 
radical anions, prepared by addition of sodium to polynuc ear ar ® I ™V 
compounds, are of considerable importance in anionic po ymeriz 
reactions (§46-1 A(3)). The odd electron is transferred to the aroma_ic 
compound by the sodium to form a highly colored an ig y r L 
species. An example of this is seen in the reaction of naphthalene (eq. 64). 



In this radical ion, the electron is in a delocalized orbital (lirst 
ing) with distribution throughout the carbon skeleton. 


antibond- 


26-9 DIRADIC AIS 

Certain molecules, which have two available molecular orbitals o 
equivalent energy and two electrons, are more stable with an unpaired 
electron in each orbital than with paired electrons in one orbita or c * 
ample, oxygen (§26-4C(2)) has two unpaired electrons in its groun s a e 
(its normal, lowest energy state) and is therefore a diradica . ertain un 
usual organic molecules also have low-energy diradical structures, lor 
example, IV. This is kept in the diradical form rather than the paired 
quinoid form, V, by steric interference between the chlorine atoms. he 
molecule would have to be coplanar to maintain conjugation between the 
rings. 
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C 6 H 


Cl Cl 


C 6 H 



/ 

% 

\ 


c 6 h 


Cl Cl 


C 6 H 5 


V 


A number of excited diradicals can be produced photochemically from 
substances with ground-state paired (singlet) structures (§33-3). Light 
absorption raises one electron from a ground state orbital to a higher 
energy MO to form a new higher-energy singlet, in which the spins of 
electrons remain antiparallel (n — tt* transition, §9-2A). Often (par¬ 
ticularly with carbonyl compounds), these singlets readily cross over to 
triplet (parallel-spin) diradical states. These can unpair electrons in 7 r sys¬ 
tems ol other molecules to lead to new diradicals w'hich may undergo 
reactions characteristic of diradical systems. This is called photosensitiza- 
tlon ’ as observed in the formation of ascaridole from a-terpinene (eqs. 
65-67). By such means, light of relatively long wavelength can be used to 

peroxidize dienes and anthracenes. Many dyes can be used as photo¬ 
sensitizers. 


(65) (C 6 H 5 ),C=6: 

benzophenone 
(ground state) 


hi/ 


excited singlet — (QHjkC^O: 

benzophenone 

(triplet) 


CH(CH 3 ) 2 


(66) (C 6 Hj) 2 C —6 : + 




(C 6 H s ) 2 C=0: 


T 

CH 3 


CH 3 CHCH 3 



(67) 


CH 3 CHCH 3 

X 




+ 00 


T 

ch 3 


0—0 / 

CH 3 * —CH 


CH 





\ 


CH 


oscandole 


The formation of four-membered rings by irradiation of olefins, either 

wit 1 or without photosensitization, is a very common reaction. These 

in\o\e triplet diradical intermediates. Some examples are given in eqs. 
(68) and (69). * M 
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(68) C 6 H 5 CH=CHC0 2 H —' 

cinnomic acid 


c 6 h 5 ch—CHCOjH 

HOCOCH—CHC 6 H 5 

2.4-diphenyl-1.3- 
cyclobutanedicorboxylic acid 


(69) 



2.5-bicyclo[2,2. \ jheptodiene 




quodncyclo[2.2.1.0* 6 ,0 jheptane 


One should note that such reactions are not chain reactions and that 

only one molecule is activated per quantum of light. 

Another type of reaction possibly involving a diradical intermediate is 
exemplified by the ring cleavage of ergosterol upon irradiation with near 
ultraviolet radiation (outline 70). 


(70) 


CH, 



ergosterol 



resonating 

diradicol 




provitamin D 2 


65 - or 

-. . ♦ 

enzyme 


CH 


cn, 


9 1 

7CH 


* 


CH —CH 

II 

HC -CH —CHj 

CH(CH,) 2 



4, 


HO ' 3 


6CH 

^ WCH, 

li 


vitamin D 2 Kolaterol) 
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QUESTIONS AND PROBLEMS 

1. Write formulas or equations to illustrate the following concepts. Provide 
verbal explanation of each illustration. 

a. autoxidation g. initiator 

b. chain propagation h. photosensitizer 

c. chain transfer i. quantum yield 

d. diradical j. stable free radical 

e. inhibitor k. termination 

f. initiation I. triplet state 

2. Write equations for the reactions which occur between substances as indi¬ 
cated below. Indicate essential special conditions. 

a. propylene in carbon tetra- d. methyl acrylate (liquid) + 

chloride + /-butyl peroxide benzophenone in UV light 

b. liquid propylene + /-butyl perox- e. benzaldehyde + O, rapidly bub- 

ide (Note: propylene does not bled through 

polymerize readily by free radi- f. benzaldehyde + air (open 
cal chains.) beaker, bottle, etc.) 

c. methyl acrylate (liquid) g. benzophenone + excess 

/-butyl peroxide 2-propanol in sunlight 

h. bornane + 0 2 + Cu + 

3. Show how the following syntheses can be effected satisfactorily. Indicate 
necessary inorganic reagents, initiators, and special conditions. 

a. 1,2,3,4-tetraphenylcyclobutane c. polyacrylonitrile from acetalde- 

from the appropriate olefin hyde 

b. 3-bromo-l, 1,l-trichlorobutane d. cumene hydroperoxide from 

from isopropyl alcohol benzene and propylene 

e. sebacic acid from adipic acid 

4^ Suggest explanations for the following phenomena, based on the relative 
stabilities of reactive intermediates and/or transition states. 
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a. Peroxide-catalyzed addition of hydrogen bromide to unsymmetrical ole¬ 
fins occurs in a direction opposite to that of the acid-catalyzed addition. 

b. Homolytic substitution by phenyl radicals from benzoyl peroxide into 
nitrobenzene occurs ortho and para to the nitro group, and much more readily 
than similar substitution into benzene, whereas electrophilic substitution of 
nitronium ions into nitrobenzene occurs meta to the nitro group, and much less 
readily than into benzene. (Both processes occur by initial addition of the 
reagent.) 



Oxidation 



27-1 OXIDATION BY AIR AND OXYGEN 

Oxidation by the several forms of elementary oxygen is,dike hyd ogena- 
tion, a field warranting separate treatment. The aspects of oxidation 
range from controlled reactions giving definite increments of oxidation at 
specific functional groups through combustion to explosions. Also con¬ 
sidered briefly, though not involving oxygen as the element, is detonation. 


A. Combustion, Explosion, and Detonation 

The differences between combustion, explosion, and detonation are 
largely in rate, although significant differences in mechanism may also 
appear. Combustion is a more or less moderate reaction which produces 
a luminous or slightly luminous flame. The reaction takes place at a meas¬ 
urable rate. C ombustion in ample air or oxygen under conditions of good 
mixing generally produces completely oxidized products such as carbon 
dioxide and water. In limited oxygen, or when mixing is poor, or when 
the reaction is quenched by sudden cooling, carbon black, and such com¬ 
pounds as acetylene, alcohols, formaldehyde, other aldehydes, ketones, 
acids, and carbon monoxide are formed. The presence of carbon monox¬ 
ide in combustion gases is a serious hazard in the use of the internal com¬ 
bustion engine and in combating fires. 

Some incomplete combustion reactions have commercial importance. 
Methane, obtained from natural gas and from petroleum cracking gases, 
is an abundant source of carbon black. The Sachsse process for the manu¬ 
facture of acetylene consists of a methane burner provided with a water 
spray lor quenching, together with devices for separating the desired 
products from the exit gases. The engineering design of such processes is 
critical, as acetylene is thermodynamically unstable at moderate tempera¬ 
tures. The gases must therefore be cooled rapidly from reaction tem¬ 
perature (about 1700 ) to room temperature in order to avoid decomposi¬ 
tion of the acetylene. 


(') 4CH 4 + 3 0, — 2HC^CH + 6H,0 + 171kcol. 

550 
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Controlled combustion involves the burning of a fuel-oxidant mixture 
in such a fashion that the burning wave and the pressure wave that results 
from the production of heated gases develop in a regular fashion and over 
a relatively long period of time. In such a situation the expanding gases 
may do useful work such as driving a piston in an internal combustio 1 
engine, propelling a projectile out of a rifle or cannon or driving a jet or 

rocket motor. 

A detonation is an uncontrolled combustion. It is propagated by a com¬ 
pression wave which heats the mass to its decomposition temperature as 
the wave proceeds at approximately the speed ot sound through the 
explosive. Thus, by the time the first shock wave reaches the end ot the 
explosive opposite the initiation point, the entire explosive has decom¬ 
posed, and the full force of the detonation is behind that one wave. 
Detonations are useful only in shattering, making holes, or initiating 

seismological waves. 

Highly nitrated compounds, such as trinitrotoluene (TNT), pentaeryth- 
ritol tetranitrate (PETN), and glycerol trinitrate, are useful high explo¬ 
sives. Certain metal salts, such as mercury fulminate. Hg(0 — N=C) : : 
silver azide. Ag(N = N = N): and silver acetylide. are detonating agents 
used in blasting caps to set olT the less sensitive, more safely handled mtro 
compounds and nitrate esters. 

The most common explosives are compounds which contain both oxi¬ 
dizing and reducing groups in the same molecule. A favorable balance 
of these groups is such as to give complete transformation to gaseous 
products. Nitrogen, water, and carbon monoxide are prelerred products 
in a highly exothermic reaction. These are illustrated in eqs. (-) to (4) 
which show the theoretical behavior of TNT, PETN, and mercury lul- 


minate. 


(2) 

(0 2 N) 3 C 6 H,CH 3 

TNT 

— 2.5 HjO(g) + 3.5 CO + 3.5 C + 1 5 N ? 

(3) 

C(CH 2 ONO ? ) 4 

PETN 

— 4H,0(g) + 3 C0 7 + 2 CO + 2 N ? 

(4) 

Hg(ONC )7 — 

Hg(g) + N 2 + 2CO + 117 kcal. 


1 80 kcal 


For a high explosive to be useful, it must have a low enough sensitiv ity 
to shock so that it can be transported without danger. Glyceryl nitrate 
(“nitroglycerin") is a material of considerable blasting power, but ol 
erratic enough sensitivity to make its use in its normal liquid state very 
hazardous. Alfred Nobel discovered that it became safe when absorbed in 
porous solids. Dynamite is diatomaceous earvh impregnated with glyceryl 
trinitrate. The plastic mixture produced by mixing cellulose nitrate (gun- 
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cotton) with glyceryl trinitrate is the base of cordite or smokeless powder, 
the normal propellent for rifle and cannon ammunition. 

While combustion, explosion, and detonation undoubtedly are free 
radical chain reactions, the chain sequences are very complex, even in the 
combustion of as simple a compound as methane. Infrared radiation 
studies of flames from burning methane have revealed the presence of such 
free radicals as methyl, methylene, atomic hydrogen, and hydroxyl in the 

thin zone, a few thousandths of a centimeter thick, in which the combus¬ 
tion occurs. 

B. Oxidation of Unsaturated Hydrocarbons 

Two kinds of gaseous oxidation of unsaturated hydrocarbons are es¬ 
pecially important to organic chemistry. One is the industrially important 
epoxidation reaction, and the other a tool which has played a vital role in 
structural analysis, ozonotysis. 

Catalytic oxidation of ethylene with air gives fair yields of ethylene 
oxide (eq. 5). This is not a reaction of general utility for higher epoxides, 

(5) 2 CH 2 =CH 2 4- 0 2 _ 220 ~ 230 „ 2 CH 2 —CH 2 

A9 \/ 

as reactions of allylic hydrogens in higher olefins occur more readily than 
addition. 

Addition reactions of olefins ordinarily give no simple clue to the posi¬ 
tion of the double bond. While products of addition might be converted 
to derivatives, reactions of which could give some indication of the posi¬ 
tions of double bonds, the evidence would be indirect and possibly am¬ 
biguous or misleading. Ozonolysis provides a means to cleave an olefin, 

usually cleanly and unambiguously, at its double bond to give fragments 
which can be identified quite readily. 

Ozone for ozonolysis is prepared by passing oxygen through a high 

voltage, silent electrical discharge tube. The oxygen-ozone mixture is then 

bubbled through a solution of the alkene or mixed with the alkene vapors. 

The ozomde, generally an unstable and explosive material, is hydrolyzed 

in the presence of a reducing agent or an oxidizing agent. Aromatic rings 

are attacked, but less readily than olefinic bonds; thus, selectivity is 

observed. Products of both valence bond structures are observed (out¬ 
line 11). 

The products of reductive hydrolysis of the ozonide are aldehydes and 
ketones The reduction is effectively carried out by catalytic hydrogena¬ 
tion or by reduction with powdered zinc. 
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Products of oxidative hydrolysis by hydrogen peroxide solution are 
carboxylic acids and ketones. The intermediates are called a molozonide 
(unstable) and ozonide (relatively stable but explosive when dry), re¬ 
spectively. The path of the rearrangement is given in outline (10). 


(6) R—C=C—R 

1 I 

R' R 


i t 


n t 


® © 
O—O—O 


+ o 3 — 


R—C—C—R 

I 1 

R' R'" 

molozonide 


r r 


0—0 


R —C 
R' 


A- R 


iii 


o 

ozonide 


0—0 

(7) R —G \—R' 

/ \ / \ 

R' \ / R"' 


+ H 


cot 


R OH HO R 

x c 7 

/ \ / \ 

r'' 'O R 


111 


OH OH 


( 8 ) R—C C—R" 

/ V V' 


h 2 o 


R—C=0 + 0=C—R 

I I 

R' R 


/ I 


h 2 o 


< 9 ) R—CH—O—CH —R' + H 2 0 2 

\ / 

0—0 


r — c — OH + R' — C — OH + H 2 0 
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® 

© 



6- 

- 6 : 

O: 

6 — 

1 

c— 

• • 

R" — 

11 
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R /X R' 

R^ 1 
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molozonide 


U°\ I 

0—0 

ozonide 
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CH 3 





0=CH—CH=0 + 

2 CH 3 C—CH=0 

II 

o 

2 0=CH—CH=0 + 

ch 3 — c—c —ch 3 

li II 

o o 


3 HOC—COH + 

II II 

o o 

2CH 3 —C—COH + 

II II 

o o 

ch 3 — c—c —ch 3 

II II 

o o 


Occasionally, ozonolysis has proved to be a suitable method for the 
laboratory or industrial synthesis of an aldehyde, ketone, or carboxylic 
acid. The main drawback is the danger inherent in handling large 
amounts of explosive ozonide. 

Ozone attacks unsaturated functions other than olefinic and acetylenic 
linkages, such as aldehyde groups. Saturated groups and less easily oxi¬ 
dized groups such as keto groups are not attacked. Alkynes are readily 
distinguishable from cumulated alkadienes by ozonolysis, in contrast to 
results with other oxidizing agents, which often cause isomerization of the 
allenes in the process of oxidation. 

(1?) rch 2 c = cr' —° 3 ► rch 2 COH + R'COH 

II II 

o o 

(13) RCH“C = CHR' —- 3 —■ - RCOH + COj + R'COH 

h 2 o || II 


o 


o 
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C. Oxidation of Aromatic Nuclei 

Nonactivated benzene rings are highly resistant to most oxidati\e 
attack. Reagents in solution oxidize aliphatic side chains before disrupt 
ing the ring in mononuclear aromatic compounds. Pohnuclear com 
pounds, with their less completely stabilized aromatic ssstems, are moie 
readily oxidized on the rings. Nevertheless, benzene is capab e o eing 
oxidized to simpler organic compounds in the presence ot certain cata \sts 

and under very careful control of conditions. 

Air oxidation of benzene over vanadium pentoxide gives maleic anhy¬ 
dride and traces of benzoquinone. The presence of the latter suggests t a 
the quinone may be an intermediate in the oxidation. It cannot be ob¬ 
tained in good yield, however, because the quinone is more rea 1 > oxi 
dizedthan the original benzene, and there is no way to remove the qui¬ 
none rapidly enough to prevent its oxidation. 


(U) 2 



2 0 2 


v,o 


400* 



(most not iioloted) 


2 HjO 



maleic 

anhydride 


Oxidation of naphthalene to phthalic anhydride is carried out 
same manner. 


the 


D. Oxidation of Aromatic Side Chains 

Some commercial processes which involve air oxidation 
on aromatic compounds are slowly gaining importance. 
Phthalic anhydride by oxidation of o-xylene now competes 

oxidation of naphthalene. 


of side chains 
Preparation of 
favorably with 



3 HjO 


phtholic anhydride 


06 ) 
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The industrial preparation of hydroperoxides by reaction of air with 
cumene or with isobutane (§26-4C(2)) has already been discussed. 

E. Oxidation of Saturated Hydrocarbons 

The partial air oxidation of propane and butane leads to a mixture of 
alcohols, aldehydes, ketones, and acids largely in the one- to four-carbon 
range. This process is of industrial significance although difficult prob¬ 
lems of separation are involved. 

F. Oxidation of Alcohols 

The industrial preparation of formaldehyde from methanol is given in 
eq.(17). 

(17) 2CH 3 OH + 0 2 — A9 » 2 CHjO + 2 H 2 0 

G. Air Oxidation of Aldehydes 

Uncatalyzed oxidation of aldehydes in air, called “autoxidation,” is a 
free radical process and is discussed in §26-4C(2). This oxidation usually 
produces acids, although peroxy acids can sometimes be obtained by very 
rapid oxidation with gaseous oxygen. 

(18) c 6 h 5 cho + o 2 — c a h s coo 2 h 

benzaldehyde pcrbenzoic acid 

(isolated if 
rapidly formed) 

(19) C a H 5 C00 2 H + C 6 H s CHO —• 2C 6 H 5 COOH 

benzoic acid 

Catalyzed air oxidation of hot acetaldehyde is used to prepare acetic 
anhydride industrially. 

( 20 ) 2CH 3 cho + o 2 co>Q l y>t » CH 3 COOCOCH 3 + H 2 0 

A 

acetic anhydride 
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QUESTIONS AND PROBLEMS 

I. Write the equation lor the preparation of phthalic anhydride from naphtha¬ 
lene. 
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2. Reduction of the ozonide of an alkene gave I mole of formaldehyde. 1 mole 
of acetone, and I mole of glyoxal. Write the structural formula of the alkene and 

show how the products were obtained from it. 

3. Reduction of the ozonide of an alkadiene gave 2 moles of acetaldehyde and 1 
mole of pyruvaldehyde. Write the structural formula of the alkadiene and show 
how the products were obtained from it. 

4. An unsaturated compound was ozonized and hydrolyzed in the presence of 
hydrogen peroxide. The products were monochloroacetic acid and cyclohexa¬ 
none. Write the structural formula of the original compound and show how the 
products were obtained from it. 

5. A hydrocarbon, C 8 H„, was treated with ozone, then dilute hydrogen per¬ 
oxide. The sole product was oxalic acid. Write the structural formula of the 
hydrocarbon. 

6. Ozonolysis of C 6 H i 0 gave 1 mole of acetic acid and 1 mole of isobutyric acid. 

Write the structural formula of the hydrocarbon. 

7. Show how a sample of pure pyruvaldehyde can be prepared from the 

suitable aromatic hydrocarbon. 

8. Why can the position of the double bond in an olefin not be readily 
ascertained by addition reactions which do not cleave the molecule? 

9. Show how the structures of the isomeric butenes can be established. 

10. Complete combustion of a pure hydrocarbon gas occupying 19.04 ml. in 
80.94 ml. of pure oxygen gave 61.90 ml. of product gases, ot which 4.78 ml. re¬ 
mained after the mixture was shaken with sodium hydroxide solution. All gas 
measurements were made at the same temperature and pressure. Vapor pressure 
above the alkali solution was negligible. What was the empirical formula of the 
hydrocarbon? 

11. Complete combustion of 21.52 ml. of a gas mixture containing methane, 
ethylene, and carbon monoxide with 78.38 ml. of pure oxygen gave 67.13 ml. of 
product gases, of which 36.17 ml. remained after the mixture was shaken with 
sodium hydroxide solution. All gas measurements were made at the same tem¬ 
perature and pressure. Whal was the volume analysis of the original gas mixture? 

12. Ozonolysis of 2-pcntene leads to the formation of a mixture of the ozonides 
of 2-butene, 2-pentene, and 3-hexene. Explain. 


27-2 OXIDATION BY REAGENTS IN SOLUTION 

The list of oxidizing agents which can be used to treat organic com¬ 
pounds in solution is almost endless. This section is limited to those 
solution oxidizing agents which are most useful and reactions of which 
are most general. 

A. Oxidation of Alkenes 

Potassium permanganate is not a highly selective oxidizing agent al¬ 
though it is a very useful one. The mechanism of the Bacycr test for 
unsaturation is representative of neutral permanganate oxidations. The 
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oxidation occurs cis at the double bond, suggesting a possible cyclic 
intermediate. 






G 


A 


+ 


2 H 2 0 


V 

C—OH HQ^ JO 

C—OW + HqA^q 


© 


intermediate 
Mn v compound 


The intermediate Mn v compound is believed to disproportionate to 
permanganate and manganese(IV) oxide. 

An oxidizing agent which produces glycols in better yield from olefins 
is osmium tetroxide. Unlike potassium permanganate, osmium tetroxide 
is capable ol oxidizing some polynuclear aromatic hydrocarbons to di¬ 
hydroxy derivatives (see eqs. 6 and 7). 

Osmium tetroxide also readily oxidizes alcohols and amines, hence 
hydroxy and amino groups must be protected. The reagent is used in 
ether solution. An addition complex forms, which is decomposed by 
water to the glycol and osmic(VI) acid. Addition of pyridine during the 
complex formation speeds the reaction. 
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Like permanganate oxidation, oxmium tetroxide oxidation occurs cis to 
the double bond. 

Whereas potassium permanganate is nonvolatile, osmium tetroxide is 
quite volatile and very poisonous. It also has another disturbing property. 
Contact with the oxide or its vapors produces a ver> permanent black 
pigmentation over the skin, due to reduction of the oxide by the under¬ 
lying layers of fat. This may cause blindness if the eye is affected. This is 
avoided by use of adequate forced ventilation and well trapped systems. 
A more serious hindrance to large scale use of osmium tetroxide is its high 
cost, about $15 a gram. This requires very careful recovery ot the osmic 
acid and its reoxidation by silver chlorate (eq. 5). 

(5) 3 H 2 0s 0 4 + CI0 3 _ + Ag + — 3 0s0 4 + AgCl(s) + 3H ? 0 




It is of interest that osmium tetroxide is the only oxidizing agent to 
attack the 1,2- and 3,4- positions of anthracene rather than 9,10- posi¬ 
tions. 


B. Oxidation of Aliphatic Side Chains on Aromatic Compounds 

Aliphatic groups on aromatic rings are more readily oxidized than al¬ 
kanes. The initial attack occurs at the carbon atom adjacent to the ring. 
Such an effect might be expected as a consequence of the unusually low 
bond dissociation energies for C — H bonds adjacent to the benzene ring. 
This is another way of saying that the aromatic ring stabilizes radical 
formation at the alpha position. 

The oxidation probably occurs in stepwise fashion, by conversion ol 
the hydrocarbon to an alcohol, then to an aldehyde or ketone, then finally 
to the carboxylic acid, with cleavage of any remaining portion ol the side 
chain. However, conditions of the initial oxidation of the hydrocarbon 
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are so drastic, and the intermediate oxidation stages so much more easily 
oxidized further, that intermediate alcohols and carbonyl compounds are 
incapable of being isolated in more than trace amounts. 




3 CH 3 C0 2 ~ + 10MnO 2 + 4H 2 0 + 4 0H' 


Side chain oxidations are accomplished by use of alkaline permanga¬ 
nate solutions, permanganate in glacial acetic acid, or dilute nitric acid. 

A satisfactory way of oxidizing methylbenzenes to the corresponding 
aldehydes is the Etard method using chromyl chloride. Volatile, pyrogenic 
compounds such as chromyl chloride must be handled with extreme care 
both in regard to toxic vapors and in regard to avoidance of flammable 
mixtures. Use of chromyl chloride in carbon tetrachloride solutions 
diminishes danger of fires. 



+ 2Cr0 2 CI 2 — 




(10) 3 



CH(0 2 HCrCI 2 ) 2 + 6 Fe 2+ + 12 H* 



CHO + 6Cr 3 * + 6 Fe 3 * + 9 H 2 0 + 12Cl 


benzaldehyde 


C. Oxidation of Primary and Secondary Alcohols 

Alcohols with hydrogen on the carbinol carbon atom are readily oxi- 
dized by a number of reagents, such as permanganate, dichromate or 
chromium(Vl) oxide, and dilute nitric acid. The immediate products are 
aldehydes from primary alcohols and ketones from secondary. However, 
since aldehydes are more readily oxidized than the parent alcohols, these 
are isolated as products only when special procedures are used to remove 
or protect them as fast as they are formed. 



OXIDATION BY REAGENTS IN SOLUTION 5 61 


HjO 

(11) 3 RCH 2 OH + 2Cr0 3 + 6 H -* 

3[RCH=0] + 2 Cr 3+ + 6H z O 

(removed, 
protected, or 
further oxidized) 

9 + h 2 o 

(12) 3 RCHR' + Cr 2 C>7 + 8 H* -- 

OH 

3 RCR' + 2 Cr 3+ + 7H 2 0 

II 

O 

Dilute nitric acid is especially useful for oxidizing primary alcohol 
groups in the presence of secondary, which react more slowly. Fair yields 
of hydroxy acids are obtainable by this method, which has been applied 
extensively in sugar chemistry. 



1 -methylglucuronic acid 


D. Oxidation of Aldehydes 

The aldehyde group is very readily oxidized. Tollens' reagent , the silver 
diammine complex, attacks some aromatic amines, hydrazines, and a few 

(14) RCH = 0 + 2Ag(NHj) 2 * + H,0 — 

RC0 2 - + 2 Ag(s) + NH 3 + 3NH/ 

phenols as well as aldehydes. The silver coats the inside of the reaction 
vessel. This observation is used as a test for aldehydes. Mirrors are 
produced commercially in this way as well. 
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Moist silver oxide is a selective oxidizing agent of value in syntheses 
because of its ability to oxidize aldehyde groups in the presence of other 
oxidizable groups such as amino groups. Some groups, however, are 
attacked in other ways. Mercapto groups, for example, form silver mer- 
captides. 

Bromine water is another fairly selective oxidizing agent. It oxidizes 
aldehyde groups to carboxyl groups without attacking either primary or 
secondary hydroxy groups on the same molecule. 

E. Oxidation of Vicinal Glycols and Related Compounds 

Two procedures are available for the selective oxidation of vicinal 
glycols and some of their more highly oxidized derivatives. 

The Malaprade reaction is especially suitable for vicinal glycols and 
hydroxyketones that are soluble in water, but can be used also with water- 
insoluble compounds by a slight modification of the procedure. The 
method consists of treatment of the compound to be oxidized with 
aqueous periodic acid or, in the case of water-insoluble compounds, 
periodic acid in dioxane. Typical results are illustrated in eqs. (15) 
through (17). 

(15) 

RCH — CHR' + H 3 I0 6 — RCH=0 + R'CH=0 + HI0 3 + 3H 2 0 

OH OH 

+ HjlO* — RCH=0 + R'C—OH + HI0 3 + 2HjO 

II 

O 

(17) RCH —CH—CHR' + 2H 5 I0 6 — 

OH OH OH 

RCH=0 + HCOH + R'CH=0 + 2 HI0 3 + 5H 2 0 

II 

O 

Simple aldehydes, alcohols, and polyoxygenated compounds with the 
groups farther apart than adjacent carbon atoms do not react with the 
reagent under the usual conditions of the reaction. /4/pAo-hydroxy acids 
likewise fail to react. 

The second procedure, applicable especially to water-insoluble vicinal 
glycols, is the Criegee reaction. This consists of treatment of the glycol 
or its derivative with lead tetraacetate in cold glacial acetic acid solution. 
The reagent oxidizes all of the compounds attacked by periodic acid as 
well as a//>/ja-hydroxyacids. 


(16) 

RCH—CR' 

I II 

OH O 
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(1) Mechanisms of Oxidation. The mechanism of periodate oxidation is 
not yet established. Some chemists believe a cyclic intermediate is in¬ 
volved, as is the case with lead tetraacetate. However, evidence for such a 
mechanism is tenuous. 

The main evidence for a cyclic intermediate in the Criegee reaction is 
the considerable difference in reaction rates of lead tetraacetate with cis- 
and trans- 1,2-cyclopentanediols and with open chain glycols. ck-Glycols, 
which can form a cyclic intermediate most readily, react fastest, trans- 
Glycols, in which the hydroxy groups are restrained in positions untavor- 
able to cyclic intermediate formation, react slowest. Open chain glycols, 
not restrained to either configuration, react at intermediate rates. Similar, 
but less conclusive evidence based on 1,2-cyclohexanediols has been used 
to support a cvclic mechanism for periodate oxidation. Chair cyclohexane 
can form either cis or trans cyclic derivatives with nearly equal ease; the 
difference in oxidizability of the diols may well be due to other mechan¬ 
istic factors than stereochemistry. 


R' 

(18) R—C—OH CH 3 CO} ,OCOCHj 

I + Pb 

R —c—OH CH 3 CO^ OCOCHj 


R' 

I 

R—C—Ov .OCOCHj 

+ CHjCOjH ^ I Pb^ + 2 CHjCOjH 

R—C—O OCOCHj 

R" 


R' O 

I II 

R—C—O n .OCCHj 

(19) | Ptr 

R—C—O XXICHj 

R" O 


R' 

I 

R—C=0 + R—C=0 

I 

R” 




R' 

I 

R—C—O—Pb (OCOCHj ) 3 
R—C—OH 

I 

R" 
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(21) C=0 HO—C—OH 

I + h 2 o — I 

R—C—OH R—C—OH 

| I 

R' R' 

R" 

HO—C—OH 

( 22 ) | 

R—C—OH 

I 

R' 

R" 

I 

HO—C—O, ,OCOCH 3 

| Pb + 2 CH 3 C0 2 H etc. 

R—C— O'' x OCOCH 3 

R' 

Although both periodic acid and lead tetraacetate undergo many other 
reactions as oxidizing agents at higher temperatures, the reactions de¬ 
scribed in this section are quantitative as long as the temperature is in the 
neighborhood of 20-25°. Other structural features known to be oxidized 
by these reagents in this range of temperature are the related vicinal 
amino alcohols and amino ketones. 

F. Oxidation of Aromatic Nuclei to Quinones 

Chromic acid oxidation of certain aromatic systems gives quinones. 
The ease of quinone formation from aromatic compounds is /?-dihydroxy- 
arenes > o-dihydroxyarenes > aminoarenes > hydroxyarenes > arenes. 
Only those rings in which aromaticity is low, such as the middle rings of 
anthracene and phenanthrene, are readily oxidized to quinones without 
hydroxy or amino groups to activate the ring toward oxidation. 

orf/w-Quinones are very unstable and must be prepared in nonaqueous 
media (one notable exception is 9,10-phenanthrenequinone). 

When free radicals are intermediates, that is, when one-electron oxidiz¬ 
ing agents are involved, extensive side reactions involving coupling of 
radicals and attack upon solvents may ensue. For example, oxidation of 
a a-naphthol with potassium ferricyanide gives 4,4-dihydroxy-1,1 '-bi¬ 
naphthyl as the main product. Arylamines undergo condensations with 
the partly oxidized or fully oxidized products. One such reaction which 
has practical importance is the manufacture of the dye, aniline black, by 
incomplete quinonoid oxidation of aniline. The dye is prepared directly 


ch 3 co 2 . ,OCOCH 3 

+ 

ch 3 co 2 x ococh 3 
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on the fabric and consists of a mixture of complex polymeric materials 
such as I. 



G. Selenium Dioxide Oxidation of Active Methylene Groups 

Selenium dioxide selectively attacks the methylene groups having struc¬ 
tural features such as the following. 

—CHjC=0 —CH 2 CH=CH— — CH,C=C— 
a to corbonyl ollylic a to triple bond 



Alkenes and alkynes are generally oxidized to alcohols. 

(24) 2 RCH 2 CH=CHR' + Se0 2 — 2RCHCH = CHR' + Se 

OH 

(25) 2RCH 2 C=CR' + Se0 2 — 2 RCHC=CR' + Se 

OH 


Other active methylene compounds are generally oxidized to carbonyl 
compounds. Aldehyde groups, however, may be further oxidized to 
carboxyl groups. 



H. Oxidation of Sulfur Compounds 

Mercaptans and thiophenols are highly sensitive to mild oxidation at 
the S—H bond. Very mild oxidizing agents, such as iodine, ferric ions. 
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dilute hydrogen peroxide, and A^-chlorosuccinimide, give excellent yields 
of disulfides from mercaptans, thiophenols, and thfoacids. 

Stronger oxidizing agents, such as 30% hydrogen peroxide, potassium 
permanganate, and concentrated nitric acid, oxidize sulfur atoms step¬ 
wise to their highest valence states possible without removal of hydro¬ 
carbon groups. Oxidation of sulfides gives first sulfoxides, then sulfones. 
Disulfides can be oxidized to sulfinic acids. Sulfonic acids and sulfonyl 
chlorides are readily obtained. The latter are produced by oxidation of 
disulfides with chlorine and nitric acid. The chlorine atom doubtless adds 
to the sulfur atom first, since the halogen alone gives sulfenyl chlorides. 


R—s—OH R—s—Cl 

1 

O 

a sulfinic acid a sulfenyl chloride 


Some examples are the preparation of tetramethylene sulfoxide in 90% 
yield, tetramethylene sulfone in 97% yield, and o-nitrobenzenesulfonyl 
chloride in 84% yield by the reactions indicated in the equations below. 



h 2 o 2 


ch 2 —ch 2 


\ 


s—o + 


CHj—C h/ 


h 2 o 


♦etr a hydrothiophene 


tetramethylene sulfoxide 



ch 2 -ch 2 


\ 


CHj—C h/ 


s + 


2 H 2 0 2 



2 H 2 0 


tetramethylene suHone 



o-nitrobenzenesuHonyl chloride 
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QUESTIONS AND PROBLEMS 


for the reactions that occur among the reagent mixtures 
Use structural formulas for organic compounds. Indicate essential 


I. Write equations 
given below, 
conditions. 

a. stilbene + osmium tetroxide 

b. ^-xylene + aqueous potassium 
permanganate 

c. glycerol + periodic acid 

d. benzoin + lead tetraacetate + 
moist acetic acid 

c. propylene glycol + dilute nitric 
acid 

f. phenanthrene + sodium di¬ 
chromate + glacial acetic acid 

g. 1,4-naphlhalenediol + chromic 
acid -t- glacial acetic acid 


h. acetophenone + selenium di¬ 
oxide 

i. diphenylmethane + selenium 
dioxide 

j. l-bromo-2-butene + selenium 
dioxide 

k. dimethyl sulfide + hydrogen 
peroxide, 1 mole 

l. methyl isobutyl sulfide + hydro¬ 
gen peroxide, 2 moles 

m. thiophenol + iodine 


2. Show how the following compounds can be prepared in good yield from 
the suggested starting materials and inorganic compounds and elements. Use 
structural formulas for organic compounds. Indicate essential conditions and 


reagents. 

a. 9,IO-dihydroxy-9,IO-dihydro- 
phenanthrenc from phenan¬ 
threne 

b. 1,2,3,4-tctrahydro-l .2,3.4- 
naphthalenetetrol from naphtha¬ 
lene 

c. trikclohydrindenc hydrate (nin- 


hydrin) from hydrindenc 
d. benzoquinone from benzene 
c. pyruvic acid from lactic acid 

f. di(2-methylbutyl) isophthalatc 
from m-xylene and 2-butene 

g. 4-hydroxy-3-methyl-2-butenoic 
acid from acetone 
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3. The following data were obtained by treatment of the unknown compounds 
described with periodic acid or lead tetraacetate. Reconstruct as much of the 
structure of each unknown compound as possible from the data given. 

a. A cyclic trihydroxy compound, CH 3 —C 6 H| 0 O—C 3 H 7 0 2 , treated with 
periodic acid gave formaldehyde and a ketone, CH 3 —C 6 H| 0 O—C 2 H 3 0. 

b. A compound, C^H^O*, treated with periodic acid gave I mole of formic 
acid, 1 mole of acetic acid, and 2-isopropylbutanediaI. An isomer with the same 
carbon skeleton, treated with periodic acid gave 3-ketobutanal and 3-keto-4- 
methylpentanal. 

c. A dicarboxylic acid, CgHu0 6 , did not react with periodic acid, but was 
decarboxylated by lead tetraacetate in moist acetic acid to give a diketone, 
C 6 H| 0 O 2 . The same diketone was prepared in low yield by the action of zinc 
on chloroacetone. 

d. A compound, I, gave a second compound, II, and x moles of formic acid 
upon periodic acid oxidation. 



27-3 ORGANIC PEROXY COMPOUNDS 

Recently, peroxides have achieved prominence in certain selective oxi¬ 
dations in the same way that metal hydrides have in reductions. Two 
main types of reactions are of interest, though many other types are 
known under different conditions. These are peroxidation and epoxida- 
tion-hydroxylation. 

A. Peroxidation: Preparation of Organic Peroxides 

In view of what was written earlier about the instability and reactivity 
of organic peroxides (§7-3B and §27-IB), it may be surprising that per¬ 
oxides are very easily formed. Several are stable enough to be isolated as 
crystalline solids. All, however, are capable of explosive decomposition 
under suitable conditions, hence must be treated with respect. Peroxides 
should never be recrystallized from hot solutions. 

Three general methods are used for the preparation of organic peracids. 
Aliphatic peracids are prepared by treatment of the acids or their anhy¬ 
drides with acidic hydrogen peroxide. Aromatic peracids are prepared by 
the same method, by hydrolysis of aroyl peroxides, and by rapid, light- 
promoted reaction of oxygen with an aromatic aldehyde. 
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H + 

(1) RCOH + HOOH RCOOH + H 2 0 

II II 

o o 

(2) RCOOCR + 0 OCH 3 — RCOO" + RCOCH 3 

II II II II 

o o o o 

(3) RCOO " + H + — RCOOH 

II II 

o o 

(4) ArCH = 0 + 0 2 — ArCOOH 

O 

Perbenzoic acid can be prepared in 86°„ yield by the method indicated * 
in eqs. (2) and (3). m-Chloroperbenzoic acid is now available com¬ 
mercially and is therefore a reagent of choice for laboratory epoxidations. 

Acyl peroxides and alkyl peroxides are prepared by treating the re¬ 
spective halides with alkaline hydrogen peroxide solution (eqs. 5-6) or b\ 


(5) 

2 RCCI + 

II 

O 

h 2 o 2 

+ 2 OH - 

— RCOOCR + 2 Cl“ 

II II 
o o 

+ 2 H 2 G 

(6) 

2 RCI + 

h 2 o 2 + 

2 OH - 

— ROOR + 2 Cl" + 

2 H 2 0 


addition of hydrogen peroxide to olefins in acid solution (eq. 7). 

CH 3 CH 3 

H* I I 

(7) 2CH 3 C = CHj + H 2 0 2 -* CH 3 C —O —O —C —CH 3 

I I I 

CH 3 CH 3 CH 3 

f-butyl peroxide 

B. Epoxidation and Hydroxylolion 

Oxidation of alkenes by peroxyacids selectively produces epoxides or 
glycol derivatives under the appropriate conditions. Epoxidation seems 
to be the first stage in either reaction; the formation of glycols and their 
derivatives, called hydroxylation, comes about as the result of ring-open¬ 
ing reactions. The reaction is thought to occur as in eq. (8). 


R R 

\ / 
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( 8 ) 


+ HOOCR' — 


C 

/ \ 

R R 


R R 
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> 

/ \ 

R R 


— H 


+ R'COj" — 
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C 
/ \ 

R R 


O 
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When hydrogen peroxide is used, it is generally dissolved in glacial 
acetic acid. The actual reacting species in the mixture is peracetic acid 
(see eq. 1). 

The addition mechanism proposed above agrees with the established 
fact that epoxidation occurs cis to the double bond. 

Addition of water or the solvent acid to the epoxide usually occurs 
stereospecifically, resulting in inversion of configuration. This points to a 
direct displacement mechanism (eq. 9) (see §13-4A). Occasionally, the 
oxide opens via a carbonium ion process. In such a case other stereo¬ 
chemistry and/or rearrangements may be observed. 




+ 



Epoxidation is effected best by treating the alkene with m-chloroperben- 
zoic acid in benzene or chloroform solution. The main product of treat¬ 
ment of an olefin with hydrogen peroxide in formic acid is the mono or 
diformate of the glycol. The glycol can be obtained from this by acid or 
alkaline hydrolysis. 
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PROBLEM 

1. Write equations for the reactions that occur among the following mixtures of 
reagents. Use structural formulas for organic compounds. Indicate essential 


special conditions. 

a propylene + perbenzoic acid in 
chloroform 

b. cyclohexene + peracetic acid in 
benzene 

c. styrene + perbenzoic acid in 
benzene 

d. i/.v-d-hcxadccenoic acid, hydro¬ 
gen peroxide, and formic acid 

e. W.v-2-butene-l,4-diol diacetate 


and hydrogen peroxide in glacial 
acetic acid (with trace of sulfuric 
acid) 

f. benzoic acid and hydrogen per¬ 
oxide (w ith trace of sulfuric acid) 

g. formic acid and hydrogen per¬ 
oxide 

h. diphenylacetyl chloride and 
sodium peroxide 
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REVIEW PROBLEM 

1. Show how the following compounds can be prepared in good yield from the 
suggested starting materials and inorganic reagents. Use structural formulas for 
organic compounds. Indicate reagents and essential special conditions. 

a. 2-amino-2-methyl-3-phenylpropanoic acid from 1,4-diphcnyl-2,3-di- 
methyl-2-bulene and acetic acid 

b. 4-amino-6-methylnonane from I-pentene and benzoic acid 

c. 1,1,1,5,5,5-hexaphenyl-2-methyl-3-penlyn-2-ol from 1,1,1 -triphenylpro- 
pane 

d. 1, 4 -bis( 2 , 5 -dimethylphenyl)dichloromethyl benzene from p-xylene 

e. 4-methyl-3,5,6-triethyloctane-4,5-diol from 3-pentanone 

f. cis- 1,2-cyclohexanediol from benzene 

g. trans- 1,2-cyclohexanediol from phenol 



Reduction 



28-1 HYDROGENATION AND HYDROGENOLYSIS 

Hydrogenation is the addition of hydrogen to an unsaturated linkage. 
Hydrogenolysis is the cleavage of a compound by means of hydrogen. 

A. Conditions of Hydrogen Reactions 

Molecular hydrogen is relatively stable and unreactive toward most 
organic compounds. It must be activated by use of a suitable catalyst. 

Effective catalysts are those that adsorb and dissociate molecular hy¬ 
drogen and at the same time adsorb and render more reactive the organic 
reagents. Generally used catalysts are nickel, palladium, platinum, 
ruthenium, and their oxides. The oxides may be reduced to the metals 
during the course of the reaction. Different behavior can sometimes be 
obtained with copper chromite or zinc chromite. 

The crystal structure of the catalyst must meet exacting demands as the 
organic molecule must fit so as to form the maximum number of weak 
bonds with the catalyst, but no strong bonds. 

High pressure increases not only the rate, but also the completeness 
of hydrogenation since the products occupy less volume than the re¬ 
agents. 

Even with catalysts, elevated temperatures are often required to main¬ 
tain practicable reaction rates. 

B. Reaction Mechanisms 

A complete discussion of hydrogenation and hydrogenolysis mecha¬ 
nisms entails the physics of solid surfaces and much detailed crystallog¬ 
raphy. Only a rather generalized, superficial treatment of the mechanism 
is possible here. 

Several lines of evidence reveal the nature of hydrogenation phenomena: 

1. 7 he reversibility oj the reaction. The equilibrium point can be varied 
b> changing the hydrogen pressure so that either hydrogenation or de¬ 
hydrogenation may occur. 

2. The sensitivity of the reaction to hydrogen pressure. Not only the rate, 
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but even the kind of products formed may depend upon the pressure of 
hydrogen. 

3. The differing specificities of different catalysis. Some catalysts favor 
saturation of one kind of linkage, some of other kinds of linkage. 

4. Stereospecificity of the reaction under mild conditions. Hydrogen 
is added cis to a double or triple bond. Studies in complex molecules 
(steroids. Chapter 41) show that the hydrogen always approaches from 
the less hindered side, which is the side that must lie next to the catalyst 
surface. 

The data suggest the following to be the steps of the catalytic hvdro- 
genation process on metallic catalysts of the nickel group. 

First, the hydrogen dissociates upon adsorption on the catalyst surface, 
and atomic hydrogen then enters the interstices between metal atoms in 
the crystal lattice. The metal can be shown to swell appreciably when 
hydrogen is adsorbed under pressure. 

Next, the organic molecule is adsorbed, forming weak linkages with the 
metal that render more active the primary valences in the molecule. A 
kind of metallic ir complex is formed. It is at this juncture that geometry 
is an important consideration (see Fig. 28-1). While the organic molecule 




O O 


# carbon atoms 


O metal atoms 


Fig. 28-1. Space Requirements for the Adsorption of a Six-Mcmbered 
Carbon Ring on a Catalyst Surface. 


is thus adsorbed, hydrogen atoms from within the metal slide into posi¬ 
tions where the weak w complex bonds can receive them. Both hydrogen 
atoms attack at essentially the same instant. In eqs. (I) through (4), (Pt) 
represents a surface on a platinum crystal, rather than an atom of 
platinum. 


(1) H, + (Pt) *=* H • (Pt) • H 
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+ H(Pt) H 




• • 

H *(Pt)’ H 



Y = CR ? , O, or NR 



\ / \ / 

(4) RC = CR + H • (Pt) • H — C=C — C = C + (Pt) 

H • (Pt) -‘H H ' H 

Only when hydrogen pressure is very low or hydrogen dissociates with 
difficulty on the metal (e.g., Cu), do hydrogen atoms add singly; under 
such circumstances, mixed configurations and polymeric products may be 
obtained. 

An example of a stereospecific synthesis involving a hydrogenation 
step is outline (5). 



°v / OCH ’ 

This group blocks top - C O 



Pd — C 



H 


This is one of several such stereospecific hydrogenation steps used by G. 
Stork and his co-workers in their synthesis of conessine, an alkaloid. 


C. Hydrogenation of Unsaturated Hydrocarbons 

Most olefinic double bonds can be saturated at temperatures below 
200° (often at room temperature) and pressures below 100 atm. of hydro¬ 
gen on Raney nickel catalyst. This is a catalyst prepared by dissolving 
the aluminum out of a 50-50 alloy of nickel and aluminum with sodium 
hydroxide. Raney nickel is very finely divided, contains dissolved hvdro- 
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gen, and is so active that it burns vigorously if allowed to dry in air. 
At moderate temperatures, hydrogen does not readily attack carbonyl 
groups over nickel. Thus, it is possible to saturate olefinic linkages in 
esters, aldehydes, and ketones without destroying the carbonyl functions. 

By proper choice of conditions it is possible to add a single mole of 
hydrogen to an acetylenic triple bond. Most alkynes add hydrogen 
smoothly at room temperatures and low pressures over platinum catalysts 
to give cis olefins. The requirement for stopping the reaction at the olefin 
stage is careful control of the amount of hydrogen used. 

Aromatic rings are a different matter. Although such rings differ 
greatly in reactivity to hydrogenation, just as they do to other reactions, 
aromatic rings in general are more difficult to hydrogenate than alkenes 
and alkynes.- Benzene must be hydrogenated in a high pressure auto¬ 
clave (Fig. 28-2). Paul Sabatier, discoverer of the activity of nickel as a 
hydrogenation catalyst, and J. B. Senderens first hydrogenated benzene 

about 1900. 

Hydrogenation of simple alkenes and alkynes is seldom commercially 
attractive, since the related alkanes are so much more readily available 
from petroleum or other sources. Hydrogenation of unsaturated vege¬ 
table oils produces more popular solid “shortening (§40-1 B(2)). 



Fig. 28-2. Apparatus for High Pressure Catalytic Hydrogenation. 
(Courtesy of Parr Instrument Company, Moline. III.) 
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The situation with aromatic hydrocarbons is much more complex. 
Benzene and its homologs are in such high demand that they are pre¬ 
pared from cycloparaffins and alkanes by dehydrogenation. Hexanes and 
heptanes when heated strongly over platinum on alumina cyclodehydro- 
genate to benzene and toluene, respectively. 


CH 3 (CH j ) 5 CH 3 


Pt— ai 2 o 3 
400" 


ch 3 


4 H 


Phenol can be hydrogenated to prepare cyclohexanol, which is an inter¬ 
mediate in the preparation of various nylons (see §46-5B). 


D. Hydrogenation of Polar Unsaturated Compounds 

Aldehydes and ketones can be hydrogenated to alcohols, or hydro- 
genolyzed to hydrocarbons, depending on the conditions. Since alcohols 
are not readily cleaved by hydrogen unless hydrogen atoms are present on 
the carbon atom adjacent to the carbinol group, dehydration to an olefin 
is probably involved in hydrocarbon formation. Benzyl alcohols are ex¬ 
ceptions, as benzyl-X bonds are readily hydrogenolyzed. 

Esters also are readily hydrogenolyzed to alcohols catalytically. 



RCOR' + 2H } 

II 

o 


CuCr; O 4 , 25 0° 
pressure 


RCH 2 OH + R'OH + H 2 0 


This has been used both as a laboratory procedure and industrially for 
the preparation of diols from esters of dicarboxylic acids and for the 
preparation of long chain alcohols from fats (§40-3B). 

( 8 ) 

C 2 H 3 OCO(CH 2 ) 4 COOC 2 Hj + 4Hj —“^.° 4 - HO(CH 2 ) 6 OH + 2C 2 H 5 OH 

ethyl odipate 3000 p.j.i. hexomefhylene 

glycol 

Under mild conditions, using zinc chromite catalyst, carbonyl groups 
and ester groups can be hydrogenated without attack upon multiple bonds 
in the hydrocarbon groups, unless the olefinic bonds are conjugated with 
the carbonyl function. In this case, 1,4-addition of hydrogen results in 
saturation of the olefinic unsaturation, but not the carbonyl unsaturation. 

(9) RCH=CH—CH = 0 + H 2 — (RCH 2 —CH=CH — OH) — 

rch 2 —ch 2 —ch=o 

Eor laboratory syntheses, however, lithium aluminum hydride is more 
satisfactory than catalytic hydrogenation for reducing carbonyl functions 
in the presence of olefinic unsaturation (§20-2A). 


HYDROGENATION AND HYDROGENOLYSIS 577 


Nitriles can be hydrogenated to aldehydes (in aqueous solution) or to 
primary amines. Isonitriles give methylalkylamines. 


00) 

RC=N 

+ 

catalyst 

h 2 

RCH=NH 

Of) 

RCH = NH 

+ H 2 0 — RO 

1=0 + NH 

(12) 

RC=N 

+ 

„ (f catalyst. A 

- RCH 2 NH 2 




pressure 


03) 

TO 

z 

III 

n 

+ 

- ! j catalyst, A 

- rnhch 3 




pressure 



This reduction of nitriles finds much industrial application; an example 
is given in the preparation of hexamethylenediamine for the production 
of nylon 66 (§46-5B). 


(14) N=C(CHj ) 4 C = N + 4Hj N> ► H 2 N(CH 2 ) 6 NH 2 

adipo nitrile hexamethylenediamine 

E. Rosenmund Reduction 

Acyl halides are more reactive toward hydrogen than aldehydes. This 
difference is the basis of a method of preparing aldehydes from acyl 
chlorides. Catalysts used for hydrogenation are very sensitive to the 
presence of certain materials which destroy the activity of their surfaces. 
For example, palladium catalyst is “poisoned” by traces of sulfur com¬ 
pounds and quinoline. Such a poisoned palladium catalyst is inactive in 
the reduction of an aldehyde, but works quite well for the hydrogenolysis 
of an acyl chloride. The Rosenmund method utilizes this fact to prepare 
aldehydes in good yield from acyl chlorides. For example, tf-naphthal- 
dehyde is prepared from the chloride in 80° o yield. 



^■nophthoyl chloride 



"poisoned" 
Pd cotolysY 



jj-nophtholdehyde 


+ 


HCI 


F. Reductive Alkylation 

Hydrogenation of an aldehyde or ketone in the presence of ammonia 
or an amine can be used to prepare amines. This is one of the most 
satisfactory methods for preparing primary amines, and, under suitable 
circumstances, works very well for secondary amines. 

Good yields of primary amines are favored by a large excess of am¬ 
monia. Fxcess of the carbonyl compound leads tc tertiary amines. Sec¬ 
ondary amines are produced in best yields when the carbonyl compound 
readily gives Schiff bases (imines). 
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(16) 



CH 2 CCOjH + NH 3 + H 2 


Pd 


(62% yield) 


phenylpyruvnic acid 


))—CHjCHCOj 

V —y _ 

®nh 3 

phenylalanine 


(17) ArCHO + NH 3 + H 

(18) ArCHO + ArCH 2 NH, 


+ H,0 


Pd 


* ArCH 2 NH 2 
ArCH=NCH 2 Ar 


+ h 2 o 


(19) ArCH = NCH 2 Ar + 
Overall: 


H 


Pd 


ArCH, —NH—CH 2 Ar 


(20) 2 ArCHO + NH 3 + 2 H 2 


Pd 


* ArCH 2 —NH—CH 2 Ar + 2H 2 0 


G. The Oxo Process 

Ammonia is not the only compound that can be incorporated into an 
unsaturated compound during hydrogenation. Olefins treated with a mix¬ 
ture of hydrogen and carbon monoxide in the presence of a suitable 
catalyst add 1 mole of each to form aldehydes. The catalyst contains 
(among other things) cobalt, which participates in a dual role as hydro¬ 
genation catalyst and carbonylation catalyst. 

As a hydrogenation catalyst, cobalt is inferior to nickel. However, it 
has one advantage in this reaction, and that is its ability to form several 
moderately stable carbonyls. Carbonyls are coordination compounds of 
transition metals in which the unshared electrons on the carbon atoms of 
the carbon monoxide molecules coordinate with neutral metal atoms. 


(21) 2 Co +■ 8 ■ C • O: ~~± Co 2 (CO) e 



RCH —CHR + H 2 + CO 


C0 2 (C0)a 

-► 

ThO ? . MgO 
150 


RCHjCHR 

CHO 


Aldehydes produced by the oxo reaction are usually hydrogenated 
further to alcohols in the presence of the same catalyst, but in the absence 
of carbon monoxide. Since carbon monoxide poisons the catalyst for 
hydrogenation of aldehydes, two separate steps are necessary. 


H. Reduction of Fatty Acids 

The carboxyl group is very difficult to hydrogenate. All other unsatu¬ 
rated linkages, including aromatic rings, are reduced before the carboxyl 
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group. Hence reduction of the esters (§28-ID) is carried out industrial!) 
in the preparation of alcohols from fats. 

I. Dehydrogenation 

As was stated above (§28-1 B), hydrogenation is a reversible process. At 
low hydrogen pressure, it is possible to eliminate hydrogen from saturated 
molecules to form unsaturated or aromatic ones. Two such processes that 
are commercially important are Platforming, a type of petroleum reform¬ 
ing (§44-1 C(2)) which converts paraffins and cycloparaffins to aromatic 
hydrocarbons, and the dehydrogenation of ethvlbenzene to styrene 

(eq. 23). 



Dehydrogenation of an alcohol is illustrated by one industrial method 
of preparation of acetone (eq. 24). 

CuCr 2 0 4 

(24) CH 3 CHOHCHj -► CH 3 COCH 3 + H, 

300 
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QUESTIONS AND PROBIEMS 

1. Define the following terms: 

a. reduction d. catalyst poison 

b. hydrogenation e. reductive alkylation 

c. hydrogenolysis f. hydroformylation 

2. Write equations for reactions that occur under the specified conditions with 
the reagents listed. Use structural formulas for organic compounds. 

a. 3-butenal, l mole of hydrogen. b. 3-butenal, I mole of hydrogen. 
n ' c ^ c l zinc chromite 
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c. crotonaldehyde, 1 mole of hy¬ 
drogen, zinc chromite 

d. isovaleroyl chloride, excess 
hydrogen, palladium 

e. cyclohexanecarbonyl chloride, 
hydrogen, poisoned palladium 
catalyst 

f. methyl n-caproate, hydrogen, 
cupric chromite at 150° 


g. methyl /i-caproate, hydrogen, 
cupric chromite at 200* 

h. benzophenonc, hydrogen, am¬ 
monia, palladium 

i. benzophenone, excess hydrogen, 
nickel at 200*, 200 atm. 

j. stilbene, hydrogen, carbon 
monoxide, cobalt catalyst 


3. Show how the following compounds can be prepared in good yield from the 
suggested starting materials. Use structural formulas for organic compounds. 
Indicate essential reagents and conditions. 

a. 2-ethylpenty! 2,4-dichlorophenoxyethanoate from 3-hexene, phenol, and 
acetic acid 


b. phenylglycine (2-amino-2-phenylethanoic acid) from benzoic acid 

c. 4- C-butanoic acid from l4 C-sodium carbonate and appropriate organic 
compounds 

d. 3.4-dideuteriopentanal from butadiene 

e. adipic acid from hexane via benzene 


28-2 REDUCTION BY METALS 

Since metals are electron donors, it may be expected that electrophilic 

groups, such as carbonyl, nitro, and halogen, are more susceptible to 

metallic reduction than nucleophilic groups, such as olefinic or acetylenic 
linkages. 

A. Mechanisms of Metallic Reductions 

It is well known that metals which are good reducing agents react with 
water or acids to give hydrogen. However, the fact that many metallic 
reductions give results entirely different, both in ease of reduction and in 
type of product, from those of catalytic hydrogenation make it clear that 
the two types of processes are different. Three different mechanisms of 
metallic reduction are discussed below. 

( arbonyl compounds can be reduced by either of two mechanisms. The 
kind of metal, the nature of the carbonyl group, and the environment 
influence the course of the reaction. One mechanism is unimolecular 
reduction to alcohols; the other, bimolecular reduction to glycols (pinacol 
reduction). In either case, the first step is doubtless donation of an elec¬ 
tron from the metal to the carbon atom of the carbonyl group (eq. I). 
V\ hat follows depends on how closely associated two such occurrences are 
and the availability of protons from the solvent. With monovalent metals, 
the probable independence of different occurrences of this step favors 
intervention by a hydrogen ion from the solvent (eq. 2) before reaction 
with a second metal atom (eq. 3). 
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(1) N« • + R—C—R' 

I? 

: 0 - 


No* 


R—C—R' 


:0: 


.© 


(2) H—. + 

R—C—R' 

- :s e + 

R—C—R' 

1 


:O: 0 


:0:H 


(3) R—C—R' + No 

I 

:0:H 


R— 


© 

C —R' 


:0:H 


+ No* — R— 


H 

I 

R — C — R' 

O: 9 


No 


Neutralization of the mixture by an acid then gives the alcohol related 
to the original carbonyl compound. 

(4) R—CH—R' + H* — R—CH—R’ 

• n 1 

:o: 0 • O— H 

• • • • 

In the second mechanism, if the radical ion initially formed by the 
carbonyl compound is held in an inert solvent while another is formed im¬ 
mediately at the same location, the two radicals may be induced to join 
together. Such a reaction is favored by the use of a bivalent metal, such 
as magnesium, and a nonacid solvent, such as benzene. The magnesium is 
amalgamated to prevent formation of a coaling on its surface. 


(5) Mg: + R—C — R' 

O: 


r 


R — C — R' 


O —Mg 



1 


R' R' 

(6) R — C — R’ + 

R—C — R 

-* 

R—C- C —R 

II 

1 


1 1 

o. 

:0 — Mg • 

m * # . 


O—Mg — 0 4 

m - 




R< 


R' 


R —C-C—R + 2 H ? 0 


O: 


I 

:o: 

W 



Mg(OH) 2 


The third mechanism is concerned with the reduction of halides to 
hydrocarbons. An organometailic compound may be an intermediate. 

(8) RX + Zn — RZnX 
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(9) RZnX + HZ —*• RH + ZnXZ 


A number of important metallic reduction procedures are utilized for 
which the mechanism has not yet been established. The Clemmenson 
reduction of aldehydes and ketones by zinc amalgam in acid is one of 
these. The carbonyl group becomes a methylene group in all but a few 
cases, yet alcohols are not generally reduced under the same conditions, so 
that the carbinol is certainly not an intermediate. 


B. Representative Reductions 

Reactions representative of the reduction of carbonyl compounds are 
the preparation of xanthydrol in 91-95% yield, pinacol in 43-50% yield 
(based on magnesium), and -y-phenylbutyric acid in 90% yield. 



xanthydrol 


2 Na + 2 C 2 H 5 OH 



2(Na * "OCjHj) 


(11) 2 CHjCCHj 

O 


Mg 


CH 3 ch 3 


Hg 


C a h, 


CHi — 




c —ch 3 


o o 

\ / 

Mg 


ch 3 ch 3 


(12) CHj—C-C —CH 3 + 2 HjO 


O O 

\ / 

Mg 


CH 3 CHj 

I I 

CH 3 C-CCH 3 + Mg (OH)j 

OH OH 

pinacol 


( 13 ) 


/F=\ 

(( CCH 2 CH 2 C0 2 H + 2 Zn + 4H 

O 



>— CH 2 CH 2 CH 2 C0 2 H + 2 Zn 2 * + H 2 0 

/ 

v- 


7-phenylbutyric acid 


REDUCTION BY METALS 583 


The reduction of esters with sodium and ethanol (Beauvait-Blanc reduc¬ 
tion) is an important industrial procedure for the preparation of long- 
chain alcohols (§40-3B). 


(14) C|,H 23 C0 2 C 2 Hj -—* C 12 H 2 jOH + CjHjOH 

C2H5OH 

ethyl laurate dodecyl alcohol 

The removal of a halogen atom is of little value except as a step in struc¬ 
tural analysis or in quantitative analysis. It is a reaction to be taken into 
consideration, however, since nearly all metallic reducing agents are cap¬ 
able of reducing halogen atoms ofT all kinds of hydrocarbon halides. The 
more useful abstraction of halogen from dihalides to form olefins or car- 
bocyclic compounds was discussed earlier (§I9-5C). 

Many nitrogen compounds can be reduced to amines by metals. The 
reduction of nitro compounds by acidic iron, zinc, or tin is perhaps the 
most useful of these, iron being used in the industrial production of 
aniline. When a weaker acid, for example, ammonium chloride, is used or 
when the solution is alkaline, treatment with metals leads to intermediate 
reduction products, phenylhydroxylamine or azobenzene. Other sub¬ 
stances intermediate in oxidation state between nitrobenzene and aniline 
include nitrosobenzene, azoxybenzene, and hydrazobenzene. 


(15) 

C 4 HjNO, 

--» 

oq. HCI 

C 6 HjNH 3 * 

(16) 

nitrobenzene 

Zn, NH 4 CI 

c 6 h 5 nhoh 


H 2 0. 60‘ 

phenylhydroxylamine 

(17) 


Zn. NoOH 


V- 6 ri5NCJ2 


C d n 3 N—NCftHj 




azobenzene 


C 6 HjNH 2 


aniline 



zrr\ 


/ h 


N = N ’ ' 






o 

azoxybenzene 


NH — NH —( 



w 


hydrozobenzene 


Many aromatic compounds are reduced by alkali metals to dihydro and 
tetrahydro derivatives by mechanisms similar to those described above for 
carbonyl compounds. The use of alkali metals in ammonia or in amines 
as solvent is termed the Birch reduction. Anthracene reacts in excellent 
yield at the 9,10-posilions and even benzene gives 1,4-reduction in 51" 
yield. 
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1,4-<yclohexadiene 


The strength of mtro compounds as oxidizing agents is one of their 
more notable properties. A simple test for such an oxidizing group in the 
molecule is to shake it with freshly prepared ferrous hydroxide in a test 
tube in which air has been displaced by a nonoxidizing gas, such as il¬ 
luminating gas. Oxidation of iron(II) to iron(III) is observed in the con¬ 
version of blue ferrous hydroxide to brown ferric hydroxide. 


(20) CH 3 N0 2 + 6 Fe(OH) 2 + 4 H 2 0 

nitromethane 


CH 3 NH 2 + 6 Fe(OH) 3 

methylomine 
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QUESTIONS AND PROBLEMS 

1. Write equations for the reactions which occur among the following reagent 

mixtures. Use structural formulas for organic compounds and indicate essential 
conditions. 


a. butvraldehydc. sodium amal¬ 
gam, and water 

b. acetophenone and amalgamated 
magnesium in anhydrous ben¬ 
zene 

c. mesityl oxide, amalgamated zinc, 
and hydrochloric acid 

d. diacctone alcohol, amalgamated 


zinc, and hydrochloric acid 

e. a-bromoacetoacetic acid, amal¬ 
gamated zinc, and hydrochloric 
acid 

f. benzaldoxime, sodium amalgam, 
and water 

g. 2-nitro-2-propanol, iron, and 
hydrochloric acid 
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2. Show how the following compounds can be prepared in good yield from the 
suggested starting materials. Use structural formulas for organic compounds. 
Indicate reagents and essential conditions. 


a. 2-ethyl-l,3-butylenediamine 
from ethanol and ethyl acetate 

b. 1,1,2,2-tetraphenylethane-1,2- 
diol from benzoic acid 

c. cyclohexane from pimelic acid 


d. ethylcyclobutane from propylene 
and ethyl acetoacetate 

e. 2-mcthylbenzene-1.3,5-tri- 
carboxylic acid from toluene 


28-3 MISCELLANEOUS REDUCING AGENTS 

A collection of various reducing agents with important specific applica¬ 
tions which, however, come under none of the more general classifications 
remain to be considered. Mechanisms of their actions are not included 
since most of them have not received the attention that more general 
reagents have. Some methods discussed elsewhere (§20-2-§20-2B and 
§23-3) should be recalled. 


A. Lower Valence Compounds of Metals with Several Valences 

The ability of ferrous hydroxide to reduce nitro compounds, nitrates, 
nitroso compounds, and quinones was mentioned as a qualitative test for 
such strong oxidizing groups. Thus far, ferrous hydroxide has received 
little application in synthesis. 

Stannous chloride and hydrochloric acid, combined in anhydrous ether 
to form chlorostannous acid, is the reagent in the Stephen reduction of 
nitriles to aldehydes. The intermediate imine hydrochlorides, probably in 
the form of double salts with the tin salts, are hydrolyzed by the addition 
of water. The aldehyde is then steam distilled from the complex of tin and 
ammonium chlorides remaining. Stannous chloride is also effective for 
the reduction of nitro compounds to amines. 


( 1 ) 

( 2 ) 


rc=n + 

3 H + 

+ SnCI 4 2 " + 

2 Cl 

RCH=NH, + 

+ 

SnCI 6 2 - 


RCH=NH/ 

+ 

HjO — RCH = 0 

+ 


ether 

solvotion 



B. Ammonium Sulfide Reduction of Nitro Compounds 

One of two nitro groups on a benzene ring can be reduced to an amino 
group by the use of aqueous sodium sulfide and ammonium chloride. 
Yields of 4-nitro-2-aminophenol and 4-nitro-1,2-phenylenediamine from 
the corresponding dinitro compounds are reported to be near 60°„. 
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N0 2 


Z = OH, NH 2 

C. Reduction of Diazonium Groups 

The reduction of diazonium salts to hydrazines can be accomplished by 
the use of sodium sulfite. Phenylhydrazine is so prepared from aniline in 
84° 0 overall yield. 



ph e n y Ihy <ir o z i r*e 


An acidic ethanol solution or hypophosphorous acid can be used to 
remove the diazonium group completely (outline 6). Both are free radical 
processes. 



no 2 no. 


QUESTIONS AND PROBLEMS 

I. Write equations for the reactions that occur in the following reagent mix¬ 
tures. Use structural formulas for organic compounds. Indicate essential con¬ 
ditions. 

a. benzoyl cyanide, stannous chloride 

chloride, and hydrogen chloride c. p-ethoxyphenyldiazonium 

b. 2.4-dinitro-5-methylphenol, chloride and sodium sulfite 

sodium sulfide, and ammonium 
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2. Show how the compounds listed below can be prepared in good yield from 
the suggested starting materials. Use structural formulas for organic compounds. 
Indicate reagents and essential conditions. 

a. tridecanal from lauryl alcohol c. 4-nitro-l ,2-phen> lenediamine 

b. cyclohexanecarbonal from cyclo- from benzene 

hexane d. 2-chloro-5-mtrophen>Ihydrazinc 

from benzene 


REVIEW PROBLEM 


I. Show how the following compounds can be prepared in acceptable yield 
from the indicated starting materials and inorganic reagents. All organic inter¬ 
mediates are to be made from the designated starting materials. Use structural 
formulas for organic compounds. Indicate reagents and essential conditions. 


a. l-amino-2-propanol from 
ethanol 

b. tcrephthalaldehyde ( 1 ,4-benzcne- 
dicarbonal) from /7-nitroaniline 

c. 1,3-cyclohexanediol from 
m-dinitrobenzene 

d. cyclopentadiene from cyclo- 
pentanone 

e. 3,4-dimethyl-3-hexanol from 
2 -butene 


f. 4-fiuorophenylhydrazine from 
aniline 

g. l- ,4 C-phenol from pentamethsl- 
cne bromide and sodium l4 C- 
carbonate 

h. phenyl triphenylmethyl ketone 
from benzophenone 

i. trimelhylacetic acid (pivalic 
acid) from acetone 


Cycloadditions 
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Otto Diels and Kurt Alder (Nobel laureates, 1950) were the codevel¬ 
opers of the reaction bearing their name, in which a conjugated diene adds 
an unsaturated compound. The reaction, generalized in eq. (1), is an im¬ 
portant example of 1,4-addition. It represents a very useful procedure for 
the synthesis of a six-membered ring. 



diene dienophile 


A. Dienophiles 

The compounds which add to dienes are called dienophiles. These in¬ 
clude principally compounds containing carbon-carbon double bonds or 
carbon-carbon triple bonds, although some other multiple bond systems 
are reactive. Ethylene and acetylene themselves are reactive with some 
dienes; multiple bonds conjugated with activating groups (e.g., carbonyl, 
cyano. aryl, nitro) are more reactive. The reaction suffers from steric 
strains; hence trisubstituted olefins are difficultly reactive and tetra- 
suhstituted ones are usually unreactive. r/'.v-Disubstituted olefins are more 
reactive than irons for similar reasons. Thus, maleic anhydride is a very 
reactive dienophile and methyl r/j-cinnamate is considerably more re¬ 
active than methyl //•an.v-cinnamate. 



O 

mokic anhydride methyl cii-cinnamote 


methyl tra/»s-<tnnomote 
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B. Dienes 


Acyclic conjugated dienes and cyclic conjugated dienes in which the 
double bonds lie on the same side of the single bond (such as cyclohexa- 
diene) that separates them may react with dienophiles. When the double 
bonds are held in the transoid position (e.g.. 3-methylidenecyclohexene), 
reaction is proscribed on geometric grounds. 



1,3-cyclohexodiene 



3-methylidenecydohexene: 

3-meihylenecyclohexene 


i 



Double bonds that are parts of benzene rings do not ordinarily react. 
Thus benzene and styrene are inert as dienes. However, fused benzene 
ring compounds are reactive, albeit under severe conditions. Thus, an¬ 
thracene reacts at the 9,10 positions as shown, as the loss in resonance 
energy is minimized compared with reaction at other positions. 


C. Conditions of Reaction 

The Diels-Alder reaction occurs with or without a solvent and can 
occur in the vapor phase. 

Temperatures of reaction vary considerably. Temperatures from -10'* 
to 300° have been used. Maleic anhydride often adds quite vigorously 
even at low temperatures. Quinones react best in the range from 90° to 
110° Temperatures higher than this are necessary with unactivated 
olefins and usually with sluggish dienes such as anthracene. Many of the 
additions are reversible and proceed in the reverse direction at higher 
temperatures. 

Some diene syntheses are subject to catalysis, but this is not general. 
One of the characteristics of the reaction is that a catalyst is unnecessary. 
Indeed, the avoidance of certain types of impurities, or their inhibition, is 
essential to prevent polymerization as a side reaction. Often it is advan¬ 
tageous to include some hydroquinone or other free radical trap in the 
reaction mixture to inhibit the polymerization of the olefin or diene. 


D. Mechanism and Rules of Isomer Formation 

The diene synthesis is an example of the ease of formation of six- 
membered rings. It is not clear whether all the bonds are made and 
broken at one time (eq. 2), whether reaction occurs first at one end and 
then at the other (eq. 3), or whether there are examples of both types. It 
would appear that electron pair shifts are involved, at least in those cases 
where acid catalysis is observed. 
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Certain orientation rules apply to the synthesis. Addition always occurs 
cis to the dienophile (eq. 4). 



Addition of cyclopentadiene to a dienophile occurs to give pre¬ 
dominately endo addition, involving positions of the interacting molecules 
which give maximum interactions of tt orbitals in the unsaturated systems. 



end o, major product 



In cases where isomers may be formed, it is generally true that both 
result. Thus isoprene and methyl acrylate give a mixture (outline 7). 

1 he reversibility of the Diels-Alder reaction should be emphasized. The 
stability of the products depends on the nature of the groups. Neverthe¬ 
less, at some sufficiently high temperature, decomposition to the starting 
materials may occur, provided other decomposition does not occur first. 
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CH 3 XH, 

CH, 

4 II 

^ CH 



COjCHj 


isoprene 

methyl ocrylofe 


Tl 

ch 3 

and 



CO ? CHj ^ 



major product methyl 3-merhyl-3- 

methyl 4-methyl-3- cyclohe.enecorbo.yfoie 

cydohexenecorboxylote 

Certain decompositions other than reversal of the diene synthesis are 
exceptionally easy, such as elimination of a bridging carbonyl group 
(eq. 8). 



E. Typical Diels-Alder Reactions 

The scope of diene syntheses is so large that but a few of the more out¬ 
standing or more representative examples can be illustrated. 

One of the oldest examples of a Diels-Alder reaction is the dimerization 
of cyclopentadiene. The monomer is unstable in respect to the dimer at 
normal atmospheric temperatures, but readily forms upon pyrolysis of the 
dimer at 170°. The dimer is called dicyclopentadiene. 
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cyclopentadiene dicyclopentadiene 


Similar diene syntheses are used to prepare a number of modern insecti¬ 
cides, aldrin, chlordan, dieldrin, and heptachlor. One may observe that 
two of these are named for the discovers of the general reaction. 



1.7.8.9.10.10 hexochloro- 
tricyclo[5.2.1 0 J ' 6 ]decone 



chlordan 
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heptochlor 

Other typical examples are the preparation of 1,2,3,6-tetrahydrobenz- 
aldehyde, 5-endo-n\lro-6-endo-pheny l-2-norbornene, and c/5-9.10- 
dihydroanthracene-9,10-cm/o-succinic anhydride by the methods indicated 
in eqs. (17) through (19). 




^CHO 

CH 

II 

ch 2 



tetrohydrobenzoldchyde 





5 -endo-nitro^-*ndo-phenyl 2 norbornene; 
endo- 5 -nitro-cndo -6 phcnylb.cyclo|2 2.) )hcplene 



9,10-dihyd^oonthrocen©- 
9,10■«/ldo-succinic anhydride 


29-2 BRIDGED POLYCYCLIC COMPOUNDS 

As noted above, Diels-Aldcr reactions of cyclic dienes offers ready 
synthetic routes to bridged compounds, that is, to compounds in which 
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two rings arc joined together at two different carbon atoms. Such com¬ 
pounds have received considerable attention in recent years, both for 
theoretical studies and as useful materials and intermediates. In addition, 
many natural products contain bicycloheptane or bicyclooctane ring sys¬ 
tems, and it is therefore worthwhile to review important points of isomer¬ 
ism, stereochemistry, and nomenclature of a few examples of bridged 
polycyclic compounds (fused aromatic ring systems have been treated else¬ 
where; see §5-ID). One of the most widely studied systems is the one 
available by Diels-Alder reactions of cyclopentadiene; the parent hydro¬ 
carbon with this ring system is called norbornane, I or II. Inspection of 
its formula shows that atoms 1 and 4 are bridged by two two-carbon 
bridges (atoms 2 and 3 and atoms 5 and 6) and by a single one-carbon 
bridge (atom 7). Thus atoms 1 and 4 are called “bridgehead” atoms. Two 
ways to represent norbornane are shown in I and II. Formula II is a pro- 




lll iv v VI 


exo alcohol 


endo alcohol 


jection from directly above C 7 , while formula I is a projection looking 
from a little above the bridgehead of the molecule. As formulas of type I 
show stereochemistry considerably better than do those of type II, we 
shall generally use type I formulas. 

Monosubstitution on norbornane at C,, C 4 , or C 7 does not lead to 
stereoisomers, but this is not the case with monosubstitution at C 2 (or the 
equivalent C 3 , C s , or C 6 ). Scrutiny of formulas III and IV indicates that 
the bonds represented by X and N are not identical. One, labeled X, is on 
the same side of the boat-form cyclohexane ring as the one-carbon bridge 
(C 7 ) and is termed “exo” and the other is on the opposite side and is 
called “ endo .” Thus V is e.tu-2-norbornyl alcohol and VI is endo-2- 
norbornyl alcohol. Ill is the mirror image of IV; hence each endo or exo 
isomer exists in d or l forms (i.e., “right-handed” and “left-handed” 
molecules). 
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Norbornane is so named because of its relationship to the terpene, 
bornane (see §41-1 B), VII, to which it is related in being tris-demethylated. 
A/or-terpenes are completely demethylated terpenes. Such a method of 
nomenclature is useful only when a parent terpene is known, and general 
methods for naming have accordingly been devised. One of general use is 
to name one of the rings by a standard name and to name the third bridge 
as a substituent. A one-carbon bridge is termed “methano," a two-carbon 
bridge, “ethano,” etc. Thus, norbornane, I, is called 1,4-methanocyclo- 
hexane, and the product of eq. (5) in §29-ID is called endo -1 ^-methano¬ 
ls, 3,6-tetrahydrophthalic anhydride. The bridgehead carbon atoms are 
not necessarily the 1 and 4 atoms. Thus, an isomer of norbornane is 
VIII, 1,3-methanocyclohexane. Compound IX is called 1,4-ethanocyclo- 
hexane. 

Another, more general, method of naming bridged compounds is the 
Baeyer system of nomenclature. In it. the root gives the number of carbon 
atoms in the combined ring systems, using IUPAC nomenclature, and the 
suffix indicates functional groups as is usual in IUPAC nomenclature. 
The term cyclo precedes the root, with bi, tri, etc., indicating the number 
of rings involved. Between cyclo and* the root is a bracketed term with 



numbers indicating the number of atoms in each bridge lying between the 
bridgehead atoms. Thus, norbornane, 1, is named bicyclo(2.2.1 jheptanc; 
V is e//</o-2-bicyclo(2.2.1]heptanol; norbornenc, X, is 2-bicyclo[2.2.1 ]- 
heptene, and VIII is bicyclo[3.1.1 Jheptane. IX is bicyclo(2.2.2)octane, 
while two of its structural isomers are bicyclo[3.2.1 Joctanc, XI, and 
bicyclo(3.3.0]octanc, XII. Compound XIII is a tricyclohcptane. 


29-3 CYCLOBUTANE RING FORMATION 

Derivatives of cyclobutane and cyclobutene can be prepared by addi¬ 
tion of fluorinated olefins to themselves or to acetylenes in the presence of 
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polymerization inhibitors. Simple olefins do not add to each other in this 
manner (however, see the photochemical reactions, §26-9). 

CFj—CCI 2 

200 ’ 

(20) 2 F 2 C=CCI 2 * 

CF 2 —CCI 2 

1,1 ,2,2-tetrafluoro- 
3,3,4,4-tetrachlorocyclobutane 


(21) F 2 C=CCI 2 + Ar—C=CH 


l-aryl-3,3-difluoro- 

2,2-dichlorocyclobutene 

Self-additions of higher ketenes produce cyclobutanediones (whereas 
ketene itself forms a 0-Iactone, §18-3). The reaction occurs spontaneously 
at 20° 


(22) 2 R 2 C=C=0 — 


Like Diels-Alder reactions, these cyclobutane ring formations are cyclo¬ 
additions in which the mode of electron shift is indeterminate. The neces¬ 
sity of polar groups would suggest electron-pair shifts, but no supporting 
evidence is available. 
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QUESTIONS AND PROBLEMS 

1. Give an explanation, illustration, or definition to show clearly what is meant 
by each of the following terms. Accompany diagrams with verbal explanation. 
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a. dienophile c. exo-endo isomers 

b. bridgehead carbon d. etheno bridge 

2. Write equations for the reactions that occur between the follow ing reagents. 
Use structural formulas or ring symbols for organic compounds. Indicate essen¬ 
tial special conditions. 

a. methyl propiolate and butadiene d. acrolein and 3-cyclohexylidene- 

b. methyl fumarate and acetylene 1-propene 

c. maleic anhydride and 1,1'- 
dicyclopentenyl 

3. Show how the following compounds can be prepared from the indicated raw 
materials and inorganic reagents. Use structural formulas or ring symbols to 
represent organic compounds. Indicate necessary inorganic reagents and con¬ 
ditions. 


O 



from acetylene and hydroquinone 


b. 3-nitro-l,4-dimethylnaphthalene-2-carboxylic acid from tetramethylene 
dibromide, ethyl acetoacetate, and ethyl acrylate 


O 



formula for the product. 


from cyclopcntadiene. Draw the configurational 


UNIT III REVIEW PROBLEMS 

I. Give an explanation, illustration, or definition to show clearly what is 
meant by each of the following terms. Diagrams and formulas should be accom¬ 
panied with verbal explanation. 


a. 

activation energy 

1 . condensation reaction 

b. 

active methylene group 

m. conjugate acid 

c. 

anionotropy 

n. coupling 

d. 

bond angle 

o. covalent atomic radius 

e. 

bond dissociation energy 

p. detonation 

f. 

Br^nsted acid 

q. diazotization 

g- 

cationotropy 

r. dienophile 

h. 

chain propagation 

s. electrophile 

i. 

chain reaction 

t. elimination reaction 

j 

chain transfer 

u. endo-exo isomers 

k. 

cis-irans isomers 

v. exchange reaction 
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w. 

explosion 

an. 

nucleophile 

X. 

free rotation 

ao. 

organometallic compound 

y- 

free radical 

ap. 

ortho-para-d irecting group 

z. 

Grignard reagent 

aq. 

peroxidation 

aa. 

hyperconjugation 

ar. 

pi bond orbital 

ab. 

inductive effect 

as. 

polarizability 

ac. 

inhibitor 

at. 

polymerization 

ad. 

initiator 

au. 

reactive intermediate 

ae. 

ionic mechanism 

av. 

rearrangement reaction 

af. 

labile group 

aw. 

reductive alkylation 

ag- 

lactam 

ax. 

sigma bond orbital 

ah. 

iactidc 

ay. 

solvolysis 

ai. 

lactone 

az. 

svn-anti isomers 

• 

aj. 

Lewis acid 

ba. 

tautomerism 

ak. 

mechanism 

bb. 

transesterification 

al. 

mera-direeling group 

be. 

transition state 

am. 

monomer 




Write the structural formula for an example of each of the following active 
intermediates and indicate the kind of reaction in which it participates. 

a. anionic aryl sigma complex e. carbonium ion 

b benzyne f. carbonyl sigma complex 

c. carbanion g. cationic aryl sigma complex 

d. carbene h. free alkyl radical 

3. W rite equations for reactions of actual compounds which illustrate the fol¬ 
lowing named reactions. Use structural formulas for organic compounds. Indi¬ 


cate any necessary special conditions. 


a. Arndt-Eistert reaction s. 

b. Beckmann rearrangement t. 

c. Cannizzaro reaction u. 

d. Claisen ester synthesis v. 

e. Claisen rearrangement w 

f. Clemmenson reduction x. 

g. C'riegec reaction y. 

h. Curtius rearrangement z. 

i. Diels-Alder reaction aa. 

j. Dow process ab. 

k. Etard reaction ac. 

l. Fischer-Tropsch reaction ad. 

m. Friedel-Crafts reaction ae. 

n. Fries rearrangement af. 

o. Gabriel’s synthesis ag. 

p. Gattermann aldehyde synthesis ah. 

q. Gattermann diazo reaction ai. 

r. Gattermann-Koch reaction aj. 


Grignard reaction 
Hell-Volhard-Zelinsky reaction 
Hinsberg reaction 
Hofmann degradation 
Hofmann rearrangement of amides 
Hofmann synthesis of amines 
Lossen rearrangement 
Malaprade reaction 
Meerwein-Ponndorf reaction 
Oppenauer oxidation 
Perkin condensation 
Reformatsky reaction 
Reimer-Tiemann reaction 
Rosenmund reduction 
Sandmeyer reaction 
Schotlen-Baumann reaction 
Stephen reduction 
Tischchenko reaction 
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ak. Ullmann reaction an. Wolff-Kishner reduction 

al. Wagner-Meerwein rearrangement ao. Wurtz reaction 

am. Williamson synthesis ap. Wurtz-Fittig reaction 

4. Show how the following compounds can be prepared beginning with carbon 
(coke or charcoal) as the only source of compounds of carbon. Indicate all neces¬ 
sary reagents and special conditions. 

a. mesitylene c. methyl cyclopropyl ketone 

b. methylethylacelic acid d. 3,4-diethyl-3.4-dimethylhexane 

5. Show how the following compounds can be synthesized using as raw mate¬ 
rials methanol, ethanol, acetone, acetic acid, benzene, phthalic anhydride, 
naphthalene, and inorganic reagents, including CS 2 , C0 2 . HCN and their salts 
and derivatives containing only one carbon atom (e g., urea, phosgene). Indicate 
the reagents and necessary special conditions. Use structural formulas for organic 
compounds. 


a. chloranil 

i. 

triethylene glycol di-2-ethyl- 

b. methyl 2,4-dichlorophenoxy- 


butyrate 

acetate 

j- 

nylon 66 

c. isopropyl A , -(3-chlorophenyl)- 

k. 

Orion (polyacrylonitrile) 

carbamate 

1 . 

Glyptal (polyester or phthalic 

d. 1 ,l-bis(/?-chlorophenyl)-2-nitro- 


anhydride and diethylene glycol) 

propane 

m. 

0 -tricrcsyl phosphate 

e. halazone 

n. 

di-2-cthylhcxyl phthalatc 

f. mcrthiolate 

0 . 

triacetin (glycerol triacetate) 

g. 2-rt-hexylresorcinol 

P- 

butoxyelhyl stearate (assume 

h. sulfaguanidine 


tristearin available) 




UNIT 



Constitutive Physical 
Properties 



A 


■V 


Index of Refraction 



30-1 THEORY OF REFRACTION OF LIGHT 

As a light beam passes from one medium to another along the path AA 
in either direction (Fig. 30-1), it is bent at the surface SS, between the 
media. This is due to the difference in the velocity of light in the two 
media, and results in the relationship given in eq. (I) in which / is the 
angle the incident light beam makes with a line perpendicular to the sur¬ 
face, yz in Fig. 30-1, and r the angle the refracted beam makes to the 
perpendicular. The value, is a property of the lower medium called its 
refractive index , when the upper medium is a vacuum. This is the standard 



Fig. 30-1. Dependence of Angles of Inci¬ 
dence and Refraction on Velocities of Light 
in Two Different Media. 
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Fig. 30-2. Standard Refraction. 


refraction (Fig. 30-2). In practice, however, the less dense medium is 
usually air. The observed refractive index may be corrected for this, if 
desired. 


30-2 MEASURING REFRACTIVE INDEX 

An instrument used to measure the index of refraction is called a re- 
fractometer. The two most common types of refractometers are the im¬ 
mersion refractometer (Fig. 30-3) and the Abbe refractometer (Fig. 30-4). 



Fig. 30-3. Immersion Refractometer. 
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ocular 


scale (fastened to 
barrel of refrac- 
tometer) 

Amici prisms 


dispersion com¬ 
pensating screw 



magnifier 
vernier (fastened 
to refraction prisms) 


objective 


thermometer 

/ 


! /'refraction 
f / prisms 


Fig. 30-4. Abbe- Refractometer. 


The Abbe refractometer requires but a drop or two of sample, which can 
be recovered if necessary, and has an almost foolproof means of obtaining 
and reading refractive indices. These features make it the most commonly 
used instrument for organic compounds, although it does not have quite 
the high accuracy of the immersion type, which requires a larger sample 
and somewhat more complex manipulation. The accuracy ol the Abbe 
instrument is, nevertheless, much finer than that of any other simple tool 
for obtaining physical properties. With it, the refractive index can be read 
to an accuracy of about one part in ten thousand. The refractive index is 
marked directly on the scale of tile Abbe instrument, which is possible 
since only one set of prisms is used with the Abbe refractometer. Refrac¬ 
tive index varies with the wavelength of light, a property called dispersion. 
Recorded refractive indices are usually those at the D line ol sodium, n [>. 


30-3 USE OF REFRACTIVE INDEX 
A. Common Use in the Laboratory 

Like other physical constants, refractive index can be used in the identi¬ 
fication of compounds. When used with melting point or boiling point, it 
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reduces the number of derivatives which need to be prepared for the 
identification of a compound, thus eliminating some of the tedium of the 
identification. 

Another use of refractive index is the determination of purity of liquid 
samples. Liquids which have similar boiling points may have widely dif¬ 
ferent refractive indices. Hence, index of refraction measurements serve 
as auxiliary means of following the purity of a product of distillation 
(Fig. 30-5). 


Temperature 

°C 



Volume of distillate, ml. 

Fig. 30-5. Use of Refractive Index to Follow Purity of a Distillate. 


B. Index of Refraction as a Constitutive Property 

Since light velocity in matter depends on electron density and polariza¬ 
bility of electrons, change of refractive index with change in temperature 
or pressure for a given substance is actually closely related to change of 
density of the substance. Lorentz and Lorenz independently derived a 
function of refractive index, n, and density, d, at the same temperature, 

which is independent of temperature or pressure, and is called specific 
refraction , r. 

( 2 >, . y - 1 

d(n + 2) 

Observation that r varies regularly for homologous compounds led to 
the concept of molecular refraction, Mr, which is the specific refraction 
multiplied by the molecular weight, M. Calculation of Mr for some 
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TABLE 30-1. Molecular Refractions of Homologs. 


Compound 

n D 

Density 

Mr 

/ 1 -C 5 H 12 

1.3575 

0.626 

25.25 

«-c 5 h 12 

1.3537 

0.620 

25.25 

«-c 6 h 14 

1.3749 

0.659 

29.80 

n-C 7 H | 6 

1.3876 

0.684 

34.50 

«-c 8 H l8 

1.3975 

0.703 

39.03 

CH 30 H 

1.3288 

0.791 

8.11 

C 2 H 5 OH 

1.3610 

0.788 

12.78 

n-C 3 H 7 OH 

1.3854 

0.804 

17.54 

i-CjH 7 OH 

1.3776 

0.785 

17.59 

CH 2 =CH(CH 2 ) 2 CHj 

1.3714 

0.641 

24.80 

CH 2 =CH(CH 2 )jCH 3 

1.3876 

0.673 

29.44 

CH 2 =CH(CH 2 ) 4 CH 3 

1.3994 

0.697 

33.93 

CH 2 =CH(CH 2 ) s CH 3 

1.4088 

0.716 

38.61 


Difference 



0 

4.55 

4.70 

4.53 



4.67 

4.76 

0.05 



4.64 



4.49 

4.68 


alkanes, alcohols, and alkenes shows the results given in Table 30-1 The 

(3) Mr = ~ T ) 

. d(n + 2) 

facts that in such different scries skeletal isomers should have almost the 
same molecular refraction and that the CH 2 increment should cause a 
nearly constant increment in molecular refraction suggest that molecular 
refraction must be additive as well as constitutive. Accordingly, atomic 
refractions have been computed by averaging atomic increments in a num¬ 
ber of series. For example, the average difference in molecular refraction 
between RH and ROH is the atomic refraction for oxygen in hydroxy 


TABLE 30-2. Atomic and Group Refractions. 


Atom or Group 

Refraction 

Atom or Group 

Refraction 

H 

1.100 

Cl 

5.967 

C (single bonds) 

2.418 

Br 

3.'863 

N (1° amino) 

2.322 

1 

13.900 

N (2° amino) 

2.499 

C=C (isolated) 

6.569 

N (3* amino) 

2.840 

C=0 (isolated) 

4.629 

O (hydroxy) 

1.525 

C=C 

7.234 

O (ether) 

1.643 

C=N 

5.459 

F 

1.090 

—no 2 

6.52 

S (mcrcapto) 

7.69 

S (sulfide) 

7.77 


608 INDEX OF REFRACTION 


groups. Some atomic refractions and group refractions are given in 
Table 30-2. 

Since atomic refractions are frequently specific for given arrangements 
of atoms, for example, primary, secondary, and tertiary amines, the sum 
of atomic refractions for different arrangements can be compared with the 
molecular refraction calculated from experiment to act as a check on the 
proposed structure of a new compound. 

SUPPLEMENTARY READING 

Ingold, C. K., Structure and Mechanism in Organic Chemistry , Cornell University 
Press, Ithaca, New York, 1953, pp. 119-137. 

QUESTION 

1. Why is it not customary to correct index of refraction readings made in air 
to standard (vacuum) indices? 



Optical Activity 



31-1 POLARIZED LIGHT 

A beam of ordinary light consists of a bundle of electromagnetic vibra¬ 
tions oriented in all possible directions about a line parallel to the path of 
the beam as an axis (Fig. 31-1). These vibrations, all added together, can 
be considered to behave as waves vibrating in two directions perpendicu¬ 
lar to each other (Fig. 31-2). 

While fluid substances and amorphous solids have the same refractive 
indices in all directions, this behavior is not the rule with crystalline solids. 
Only isometric solids have single refractive indices. Other crystalline 
solids are birefringent. Birefringence shows up as the giving of two images 
of an object refracted through the birefringent crystal (Fig. 31-3). 

Light which passes through birefringent crystals has been broken down 
into perpendicular components, and the components separated from each 
other. Each image is borne by light vibrating in only one direction. Such 
light is called plane-polarized light. This can be demonstrated by placing 



Fig. 31-1. Vibrations of Light Waves in a Beam of Light. 

(A) Some of the waves in a pencil of light, (B) End view of light 
beam, showing some vibration directions. 
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Fig. 31-2. Representation of a Light Wave as Perpendicular Vibrations. 
(A) Resolution of a vector into vertical and horizontal components, (B) Resolution 
of light waves into vertical and horizontal components. 



Fig. 31-3. Birefringence in Iceland Spar. 


a Polaroid disc over the crystal and turning it about (Fig. 31-4). What 
happens is shown schematically in Fig. 31-5. 

In an Iceland spar crystal which has been cut diagonally and cemented 
together again with Canada balsam, one of the two rays is totally reflected 
to the side, and only one polarized beam passes through. The elimination 
of the one ray depends on the critical angle between the spar and the 
balsam. A crystal so adapted is called a Nicol prism. It is a means of 
obtaining pure plane-polarized light. 

A second Nicol prism placed after the first acts on the plane-polarized 
light in accord with the relative positions of the two prisms (Fig. 31-6). 
When prisms are parallel, the same component of the original light is 
acted upon in the same way; that is, all the plane-polarized light trans¬ 
mitted by the first prism is again transmitted by the second. When the 
prisms are crossed at 90°, however, the component transmitted by the first 
prism strikes the second in the position for complete reflection. None of 
the light is transmitted at all. Between these positions, the second Nicol 
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Fig. 31-4. Absorption of One of Two Images by Properly 
Placed Polaroid Discs. 



Fig. 31-5. 


Separation of Light into Polarized Beams by Birefringent Cry stal. 


prism resplits the plane-polarized light into new components (Fig. 31-2A), 
part of which is then reflected and part transmitted, so that the end view is 
darker than for parallel position, but not as black as for crossed position. 

Thus, the second Nicol prism is able to establish the plane of polarized 
*ght *n relationship to the first prism. It is accordingly called the analyzer. 
The first prism is called the polarizer. An instrument using this arrange¬ 
ment, plus a double 180° protractor which measures the angle of the 
analyzer from the crossed position, is called a polariscope or po/arimeter. 

31 “ 2 OPTICALLY active substances 

When certain substances, such as crystalline quartz, are placed between 
the Nicol prisms of a polariscope, the relationship between the two prisms 
changed in regard to the angles at which total extinction and complete 
transmission occur. The new positions for these effects show that the sub- 






if 


Fig. 31-6. Action of Two Nicol Prisms in Various 
Relative Positions on Light. (A) Parallel (B) Crossed 
(C) Between parallel and crossed (D,E,F) Appearance of 
light from end of second Nicol prism. 
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Fig. 31-7. Rotation of Plane-Polarized Light by Quartz Prism. 


stance has twisted, or rotated, the plane pf polarized light 8 pl i ca Hy 

Substances which rotate plane-polarized light arc 

"some optically active substances such as quartz lose 

being melied. Whatever is responsible for the property' n quartz h« «n 

the orderly arrangement of atoms in the crysta maintain their 

optically active substances, such as sucrose (cane sug ), 

activity in solution or in the liquid state. 


31-3 MOLECULAR BASIS OF OPTICAL ACTIVITY 

Louis Pasteur’s observation that sodium ammonium ^ r ®' 

and left-handed crystals, or mirror image crystals, urnis e 

clue to the molecular basis of optical activity. It was soon 
molecules or ions of compounds that have optical activi y in 
are not identical with their mirror images —that is, they are asy ^ 
Asymmetry depends, in many carbon compoun s, on e 
arrangement of four unlike groups about the same car on 
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Fig. 31-8. Dissimilar Mirror Image. 

31-8). Such a carbon atom is called an asymmetric carbon atom, often 
represented as C . whether the molecule as a whole is asymmetric or not 
Carbon atoms wh.ch have two or more like substituents cannot be asvm- 



* N 


Fig. 31-9. Identical Mirror Image 
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metric (Fig. 31-9). Compounds the molecules of which are structurally the 
same but differ in their effects on plane-polarized light are optical isomers. 
Isomers the molecules of which are mirror images of each other are called 
enantiomorphs (Gk., enantios , opposite, and morphos , shape). Asymmetric 
molecules have no plane of symmetry (Fig. 31-10). 



Fig. 31-10. Planes of Symmetry. (A) Molecule with plane of symmetry. 
(B) Molecule without plane of symmetry. 


31-4 CONVENTIONS FOR CONFIGURATIONAL FORMULAS 

Since optical activity depends on three-dimensional geometry, a simple 
structural formula written on a two-dimensional space is inadequate to 
represent an asymmetric molecule. Arbitrary conventions are used to 
represent optical isomers by two-dimensional formulas without the neces¬ 
sity of drawing pictures of tetrahedra. 

The plane formula represents a projection of a three-dimensional mole¬ 
cule (Fig. 31-11). For the formula to represent a unique configuration, 
it is necessary to fix the relative position of the molecule to the plane, 
otherwise, a projection might represent either of two enantiomorphs 
(Fig. 31-11 B or C). Let us say, then, that the projection must represent 
the molecule when the vertical edge of the tetrahedron is away from the 
observer, the horizontal edge toward the observer (Fig. 3-11 A. B). 
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% 

Fig. 31-11. Projections of Molecules onto Plane Surfaces. (B) 
Projection of mirror image of A, (C) Projection of A turned 
around. 

It can be shown that certain transformations are allowable in a formula 
without change in the configuration of the molecule it represents. Molec¬ 
ular models should be constructed to establish the relationships. One per¬ 
missible transformation and one forbidden by the convention are illus¬ 
trated in Fig. 31-12 B and A, respectively. 



Fig. 31-12. Formalized Transformations in Configurational For¬ 
mulas. (A) Forbidden folding of formula out of the plane on which 
the formula is written, (B) Permitted rotation of molecule 180* in 
plane of paper. (Rotation of 90° is also forbidden; see Fig. 31-11 ) 
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Chemists are making increasing use of projection formulas, I or II, to 
represent molecules. This is much more satisfactory than the use of many 
artificial conventions. 



atoms in the plane bond up or 
of the paper to the front 

I 


rearward 



forward 


atom 


modified Newman projection 


Various configurations have received names based on the names of the 
simple sugars (§38-1 B(7)) which have related configurations. (See the 
formulas and terms given on the following pages.) Thus, cry thro con¬ 
figurations have groups in the same relative positions as those in the sugar 
crythrose; threo configurations, those in the same relative positions as 
groups in threose, etc. Configurations other than the o- and t.-glycero 
have more than one asymmetric center (discussion of which follows in the 
next section). 
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D-erythro: 


main 

function H 

chain chain 

end 


function 

/ 

C-.. 

v x 

H 


0*^0H 



h n 

or 


OH 


CH z OH 


/ 

H0CH 2 


0 

C-OH 

/ 

c. 

V'OH 


L-erythro: 

main 

function 



or 

H / 
chain 


function 

/ 

C ^“H 

» V t 


<V 0H 

W» 

HO 


CH 2 0H 


ho n 

H^\ 


/ 

hoch 2 


0 

II 

C-OH 


/ 

V H 

i)H 


o-threo: 



function 

/ 

V 


0^ OH 


HO'^Ss—^H 


ch 2 oh 


H s 

or 

/ 

hoch 2 


0 

II 

C-OH 


/ 

C C'H 

l)H 


L-threo: 


main 

function 



H 


or 


end 

meso: 


/ 

chain 


function 

/ 

C 


H 



°^ C - 0H 


h ^K oh 


HO 


H 


0 

C-OH 

oh or 7 “ c v° h 

ch 2 oh hoch 2 


H 



ASYMMETRIC CARBON ATOMS 619 



main function 
or chain 
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main function 
or chain 




main function 
or chain 
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or chain 



CH 3 
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CH 3 


31-5 ASYMMETRIC CARBON ATOMS 


Compounds which have only one asymmetric carbon atom must be 
optically active. Each molecule having one asymmetric carbon atom has a 

single optical isomer, its enantiomorph. 

Molecules with two asymmetric carbon atoms can dilTer in configura¬ 
tion about each of them. In general, four optical isomers result, for¬ 
mulas III and IV represent one pair of enantiomorphs, V and VI a second 
pair. Compounds V and VI are not enantiomorphic to either III or IV, 
since half of each molecule in one pair Has the same configuration as hall 
of each molecule in the other pair, while the other half dilfers in configura¬ 
tion. Compounds 111 and IV are diastereoisomers (Gk., dia, aside or 
apart, stereos , solid space, + isomer) of V and VI. 
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Molecules in which two asymmetric carbon atoms contain the same 
groups, such as the tartaric acids, VII-IX, have similar asymmetric atoms. 
In such compounds, one expected pair of enantiomorphs becomes a single 
optically inactive (because its mirror image is superimposable upon it) 
compound, VII. Such a compound is called a meso compound (Gk., 
mesos , middle). It is a diastereoisomer of each of the enantiomorphs, 
VIII and IX. Note (you may need to use molecular models) that VIII 
and IX each has two carbon atoms of the same configuration. Each of 
these atoms with the attendant groups rotates plane polarized light in the 
same direction (on the average), so that VIII and IX are optically active. 
However, the meso compound, VII, has two like atoms of opposite con¬ 
figuration, one of which rotates light to the left and the other an equiva¬ 
lent angle to the right (on the average). The net rotation is therefore zero, 
so that a meso compound is inactive. 
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31-6 RACEMIC MODIFICATIONS 

Synthesis of compounds from optically inactive starting materials never 
gives optically active products, as the probability of forming one isomer 
is exactly the same as that of forming its enantiomorph (outline 1). Hence, 
ordinary synthesis results in an equimolar mixture of enantiomorphs. This 
mixture is called racemic. Each pair of enantiomorphs forms a racemic 
modification, for example. III and IV, also V and VI, and VIII and IX. 

31-7 ASYMMETRIC MOLECULES WITHOUT ASYMMETRIC ATOMS 

It is not necessary to the asymmetry of molecules that asymmetric 
atoms be present. Other factors can produce molecular asymmetry. For 
example, allenes, R ( R 2 C=C=CR 3 R 4 , are asymmetric as long as the 


ASYMMETRIC MOLECULES WITHOUT ASYMMETRIC ATOMS 621 



CH^ 


/ 


c—c 






OH 


_H ? _^ 

CuCr 2 0 4 



flat molecule 
(in o conformation 
favorable to adsorp¬ 
tion on the cotolyst) 



attack from rear 



attack from front 
equally probable 





CH 3 

\ s 

,c-c 

HO V 
H 


O 

OH 


racemic 

modification 


X 




Enantiomorphic Allencs. 


groups, R, on the same end of the cumulated linkage are unlike (Fig. 
31-13). 

Cis-irans isomerism and optical isomerism are inextricably bound to¬ 
gether in such compounds as, for example, the hexachlorocyclohexanes, 

X,Xl, and XII. 



V(m*io) htxachlorocyclohexane (lindane) rocemie hexochlorocyclohexane 

(a isomer) 

Orf/io-substituted biphenyls cannot exist in coplanar conformations it 
the substituent groups arc large enough to prevent rotation around the 
single bond joining the two rings (Fig. 31-14). Forcing the benzene rings 
out of coplanarity has readily observable effects on absorption spectra, 
transfer of reactivity between the rings, and other resonance phenomena. 

Optical activity arises when free rotation of the rings about each other 
ts hindered and the molecule is restricted in asymmetric positions. Thus, 
2,2 -dichloro-6-bromobiphenyl exists as enantiomorphs XIII and XIV. 




Fig. 31-14. Steric Hindrance in o,o'-Dichlorobiphenyl. (A) Unhindered bi¬ 
phenyl, (B) Overlapping of chlorine atoms preventing coplanarity of rings. 


31-8 PHYSICAL PROPERTIES OF OPTICAL ISOMERS 

Enantiomorphs have exactly the same geometries, since the bond angles 

and all interatomic distances are identical. The only difference is that the 

order of angles and distances in one compound is the reverse, or mirror 

image, of that in its enantiomorph. Thus, physical properties, such as 

melting point, density, solubility, and refractive index in unpolarized light, 

which do not depend on asymmetric measurements, are identical for the 

two, but properties which depend on asymmetric measurements, such 

as rotation of plane-polarized light, are equal, but opposite, for enan¬ 
tiomorphs. 


Diastereoisomers do not have exactly the same geometries. They differ 

in all physical properties, though the differences are often small. Their 

optical activities are not equal and may be either the same or opposite in 
sign. 



Fig. 31-15. Optical System of Polariscope. (A) Sodium vapor lamp, (B) Col- 
imating lens, (C) Polarizer, (D) Quartz half-disc endpoint device, (E) Cell con¬ 
taining specimen, (F) Analyzer, (G) Ocular. 
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Optical activity is measured, as it is detected, by the polarimeter. The 
optical system of a polarimeter is given in diagram in Fig. 31-15. A po¬ 
larimeter is shown in Fig. 31-16. 

The rotation of light by the sample is read from the protractor in 
degrees. The angle of rotation depends on the nature of the substance. 



Fig. 31-16. Polarimeter. 


the concentration of the specimen, and the length of the path of light 
through the specimen. To eliminate all of these variables but the nature 
of the substance, the specific rotation, (a), is defined by eq. (2). 

( 2 ) ( a )' 0 = 

ig 

The length of the cell, /, in dm (decimeter), and the concentration in g 
grams in V ml. of the solution are thus compensated in their effect on the 
angle of rotation, a. Other factors which intluence [a] are temperature, 
the wavelength of light, and the solvent. These must be specified lor any 
specific rotation. Molecular rotation, (</>], is the specific rotation times one 
hundredth of the molecular weight (eq. 3) 

Mav _ 10a 
100 Ig " IM 


(3) M - 
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in which M is the molar concentration of the solution, M the molecular 
weight of solute. 

Compounds with clockwise, or positive, specific rotations are termed 
dextro ; those with counterclockwise, or negative, specific rotations are 
termed levo (or laevo). The direction of rotation is that observed as one 
looks through the analyzer toward the light source. 

At first organic chemists designated optically active isomers with the 
prefixes dextro and levo, usually abbreviated d and /. Then d and l be¬ 
came associated with molecular configurations rather than specific rota¬ 
tions. Usually capital letters were used for this, but not always. Since 
configurations have little relationship to optical rotation, the result was 
confusion in the chemical literature, with almost complete loss of the sig¬ 
nificance of ^/and/. To bring order back to optical rotation nomenclature, 
letters d and l (capitals) were assigned to indicate configurational rela¬ 
tionship only. To designate the direction of specific rotation, positive and 
negative signs are used. Racemic modifications are indicated by the use of 
both letters. Thus, D( + )glyceraldehyde is the type substance for the D 
series, and is dextrorotatory; L(-)glyceraldehyde is its enantiomorph. 
DL-Glyceraldehyde is the racemic modification. 

The practice of designating the configuration of an optical isomer by 
comparison with a standard reference compound leads to ambiguity in 
cases where it is difficult to decide which groups are related, as in bromo- 
chloroacetic acid, or which of several asymmetric carbon atoms should be 
the reference group, as in tartaric acid. 


co 2 h 

COjH 

CHO 

co 2 h 

H—C —Br 

H —C—Cl 

H— C— OH 

; ----D-configurafion 

H^Ci-OH 

Cl 

Br 

CH 2 OH 

ho— c^r i - confi « wra,ion 

Which bromochloroacefic acid is D? 

D-glyceraldehyde 
reference configuration 

co 2 h 

Is this tartaric acid D or l? 
(commonly called l-tortaric add) 


This ambiguity can be avoided by the use of absolute configurations, 
rather than relative configurations, and the following conventions. The 
asymmetric center is positioned so that the bond to one attached group, d, 
points down away from the observer. An arbitrary scale of priorities is 
assigned to the four groups, a, b, c, and d, and d is the group with the 
lowest priority. A curved arrow is drawn from the group of highest 
priority, a, past b to the group of next to lowest priority, c. If the 



(P> 



(S) 


a 


a 
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arrow points clockwise the asymmetric atom is termed (R) (L., rectus, to 
the right). If the arrow points counterclockwise, the asymmetric atom is 
termed (S) (L., sinister , to the left). Each asymmetric atom, located by its 
position number, is designated (R) or (S) in turn in a molecule with 
several asymmetric atoms. 

The arbitrary priority assignments are based on atomic numbers of the 
attached groups. Priority of a > b if the atomic number of a > b; thus. 
Cl > OH. If a and b have the same atomic number, the atomic numbers 
of the next atoms attached are considered;— O —C > — O —H. Multiple 
bonds are considered in their multiplicities; thus —C=0 has a weight for 
oxygen of 16 (2 x 8) and —C=N one of 21 for nitrogen, for example. 
One considers as many of the atoms in a chain as is necessary to find a 
difference in atomic number. An unshared electron pair is considered to 
have an atomic number of zero. Thus, the priority of — g O— ( H > 
-8p : ,o) as the atomic number of H is greater than that of the electron pair 
which replaces it on the oxide ion. Some examples which illustrate the 
method follow. 



(S)-bromochlorofluoromethane 
3jBr > 17 CI > gF > |H 



H 


CHOHCOjH 
(3) (4) 


(S)-glyceroldehyde 

iH 
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2(R), 3{R)-tortaric acid (identical to the O? or l? tartoric acid on p 624) 
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2(R),3(S),4(S),5(S)-2,3,4,5,6-pentohydroKyhexonal 


626 OPTICAL ACTIVITY 


31-9 PREPARATION OF OPTICALLY ACTIVE COMPOUNDS 

Since ordinary syntheses give racemic modifications, optically active 
compounds must be prepared by special methods. The first approach is 
usually resolution , or separation of enantiomorphs. Occasionally, one 
may use asymmetric synthesis or direct preparation of optically active 
material by special means. 

Resolution can be accomplished in several ways. The most obvious is 
Pasteur’s separation of asymmetric crystals. This mechanical separation 
is possible only when the racemate is a solid racemic mixture, which is 
relatively rare. Furthermore, it is practicable only when the crystals are 
large enough to be handled readily and the differences between enantio- 
rtiorphic crystals apparent enough to be clearly visible under a magnifying 
glass. 

A second method of resolution is preferential crystallization. A solu¬ 
tion supersaturated in both enantiomorphs is carefully seeded with a 
crystal of one pure enantiomorph and allowed to crystallize. Careful 
manipulation may prevent the other enantiomorph from crystallizing 
before the separation can be carried out. If the operator is successful in 
this, he can recover the second enantiomorph readily by crystallizing it 
from the solution now depleted in the first. This method also is possible 
only with enantiomorphs that crystallize as racemic mixtures. 

A third, most widely used, method of resolution depends on conversion 
of the enantiomorphs to diastereoisomers by salt formation, esterification, 
or other reaction with an optically active pure isomer. Diastereoisomers 
have different physical properties, such as solubilities or boiling points, 
hence are more readily separated than enantiomorphs. Eq. (4) represents 
the scheme of separation of a racemic acid by the use of an optically active 


(+)A 
( ) A 

4 

racemate 


2( + )B 


'(+ +)AB 
{-+)AB 


(+ + )AB — ( + )A + 


(-+)AB 


(-)A 


( + )B 
( + )B 


i uiemare mixture of crystallization separated recovered, 

diastereo- diostereo- separated 

isomers isomers enantiomorphs 

base. Recovery of the desired optically active compounds in the last step 
demands the use of chemical reactions which are readily reversible. One 
limitation of this method is that some compounds, such as hydrocarbons, 
halides, and nitro compounds, do not undergo reactions to form di¬ 
astereoisomers from which the original compounds can be readily re¬ 
covered after the separation. Nevertheless, this is the most general of all 
the methods of resolution. 


crystallizotion 


separated 

diastereo¬ 


isomers 


isomers 


Another, less commonly used method is kinetic selection. An optically 
active reagent differs in its rate of reaction with enantiomorphs, since the 
transition states are diastereoisomers with different geometries, hence 
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have different steric factors. For example, a-hexachlorocyclohexane, 
XI-XII, has been resolved by selective dehydrohalogenation of the ( + ) 
isomer by brucine, a basic alkaloid. The (-) isomer reacts less rapidly, 
hence is recovered. 

A more common variant of the kinetic method is to feed bacteria or 
other microorganisms on the racemic modification in the hope that they 
will feed upon, or metabolize, one form and destroy it, but leave the 
other behind unchanged. This is a legitimate hope when the compound is 
a normal food, or a good substitute thereof, since biological processes are 
very selective between enantiomorphs because of the many asymmetric 
centers in their optically active enzymes. 

Several means of performing asymmetric syntheses are known. Three 
involve at least transitory formation of diastereoisomers in which proper¬ 
ties and positions do not have identical relationships, and thus more of 
one kind is formed than another. 

All biochemical reactions in living organisms use the principle of 
optically active catalysis. Because of the large number of asymmetric 
groups present in them, enzymes effect completely asymmetric syntheses. 
In the laboratory, however, the best the synthetic chemist has been able 
to accomplish using an optically active catalyst is a slightly greater con¬ 
centration of one enantiomorph than of the other. 

Another method about equally effective in the laboratory as that above 
is use of an optically active solvent. 

A third method uses optically active reagents, for example, hydrobora- 
tion by means of an optically active substituted borane rather than di- 
borane. This procedure utilizing diisopinocamphenylborane, XV, has 
afforded optically active alcohols in better than 80% optical purity from 



norbornene 


•*o-( + J-norbor neol 
(62% yield, 
83% opficol purity) 
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A. Racemization 

Related to the problem of obtaining enantiomorphs is racemization. 
Stereochemical theory predicts several types of isomers which have proved 
experimentally to be either incapable of separation or so rapidly inter¬ 
convertible that they cannot be kept long after isolation. The reason is 
easy racemization of isomers. 

Racemization is the conversion of an optically active material into the 
racemic modification. In general, the process can be represented as given 
in eq. (7). One bond to C has been broken and formed again on the oppo¬ 
site side. 

w w 

(7) C — C 

S\ 

X Y Z 

( +) form (—) form 

For example, optically active alcohols with the hydroxy group on the 
C* are racemized in the presence of acidic catalysts. The catalyst pro¬ 
motes carbonium ion formation. Return of the water molecule may occur 
from either side of the planar carbonium ion (§12-1 B(2)). 

Among short-lived optically active compounds are those which have as 
asymmetric centers carbon atoms adjacent to carbonyl groups. Enolate 
ions and enols are inactive, hence racemization occurs readily (eq. 8). 
Since acids and bases tend to induce enolization (§21-2), they hasten 
racemization of a-C* compounds (eqs. 9 and 10). 


y \ 

Z v X 
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When no hydrogen atom is present on the C*. tautomerism cannot 
occur, and the optically active compound is stable. Thus, mandelic acid 
racemizes quickly, but atrolactic acid does not. 
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C*H S —C*—C—OH 

I II 

OH O 


CH 3 

C*Hj—C*—C — OH 

I II 

OH O 


mandelic acid 


atrolactic acid 


B. Racemization in Nitrogen Compounds 

Since nitrogen compounds are shown by their polar nature to contain 
pyramidal molecules with nitrogen atoms at the apices, it was anticipated 
that tertiary amines with three different alkyl groups ought to be resolv¬ 
able into active forms. The situation is analogous to asymmetry of carbon 
atoms, if the unshared pair of electrons on the nitrogen atom is considered 
as a fourth group. However, it is relatively easy for simple amines to in¬ 
vert their configurations; in fact, ammonia and its derivatives oscillate 
back and forth with complete reversal of configuration at each oscillation. 
In ammonia itself, the inversion occurs 1900 times a second (950 cycles a 

second) at 0°. 

In quaternary ammonium ions, the presence of four groups localizes 
valence forces so that inversion or racemization is as difficult as with 
related carbon compounds. Consequently, compounds containing such 
ions have been readily resolved. 

C. Walden Inversion 

It is not always necessary to prepare optically active compounds from 
inactive raw materials. It is quite practicable to convert one optically 
active compound to another by ordinary chemical reactions. When the 
functional group attacked is remote from asymmetric carbon atoms, 
racemization is seldom a problem. However, if a group on the C* is re¬ 
placed, racemization will occur if an optically inactive intermediate is 
formed. 

As has been mentioned (§12-1 B(2)), one method of determining the 
mechanism by which a reaction occurs is to study the effects of the re- 



active 


active transition 
state 


active 


630 OPTICAL ACTIVITY 



2 Hs + 




active 


inactive planar ion 



s C and s—C + HsH+X” 


racemic 

action on optically active compounds. The direct displacement mechan¬ 
ism (eq. 11) gives optically pure product, whereas the carbonium ion 
mechanism (eq. 12) involves racemization. (Y“ = any nucleophile; Hs = 
a nucleophilic solvent.) 

Although full optical activity is retained in the course of the direct 
displacement mechanism, the three groups not replaced have been turned 
inside out like an umbrella in a high wind. The configuration of the 
product is opposite to that of the starting material. This reversal of con¬ 
figuration during reaction is called Walden inversion. 

The first evidence for inversion was the observation by Paul Walden 
(1893) that synthesis of derivatives of optically active compounds by two 
different routes sometimes produces different enantiomorphs. For ex¬ 
ample, displacement of halogen in ( + )chlorosuccinic acid using potas¬ 
sium hydroxide gives (-)malic acid, (13), but using silver oxide, gives 
( + )malic acid, (14). The enantiomorphic relationship is also true, (15) 

and (16). For simplicity, the acids, rather than their salts, are given in 
these equations. 
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The explanation is that some reactions involve an even number of 
Walden inversions (eq. 11), hence result in the same configuration as the 
original reactant, whereas other reactions involve an odd number of in¬ 
versions to give the opposite configuration. 
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York, 1937, pp. 214-243. 

Wheland, G. W., Advanced Organic Chemistry, 2nd ed., Wiley, New York, 1949. 
pp.150-333,351-355. 


QUESTIONS AND PROBLEMS 


1. Show by explanation, illustration, or definition that you understand w hat is 
meant by each of the following terms. Use diagrams wherever it is appropriate, 
but accompany them with verbal explanation. 


a. asymmetric molecule 

b. asymmetric carbon atom 

c. asymmetric synthesis 

d. dextrorotatory 

e. diastereoisomers 

f. enantiomorphs 

g. meso form 


h. plane-polarized light 

i. racemic modification 

j. racemization 

k. resolution 

l. specific rotation 

m. Walden inversion 


2. Without referring to the diagrams in this chapter, sketch the essential parts of 
a polarimetcr and explain how it operates. 

3^. A solution containing 53.22 mg./ml. of a certain sugar had a rotation of 
+ 9 32'in a 20 cm. tube. Calculate the specific rotation of the sugar. 

A l°/ 0 solution in dioxane of estrone benzoate (a hormone) has a rotation 
°f +2* 24' in a 20 cm. tube. Calculate the specific rotation of this hormone. 

5. Write configurational formulas for all possible optical isomers of the follow¬ 
ing compounds. Label the racemic pairs, diastereoisomers, meso forms, and 
enantiomorphs. If the compound has no optical isomers, label it inactive. Place 
asterisks beside asymmetric carbon atoms. 


a. 

2-chlorobutane 

g. 2,3.4,5-tetrahydroxypentanal 

b. 

<*,0,7-trihydroxyglutaric acid 

h. 2-bicyclo(2• 2• 1 Jhcptene 

c. 

methyl isopropyl ketone 

i. 1,4-bis(2-bromophcnyl)-2,3-di- 

d. 

2,3,4,5-tetrahydroxyhexanedioic 

nitrobenzene-5,6-dicar boxy lie 


acid 

anhydride 

c. 

benzene hexachloridc 

j. 2,6,2'-trichlorobiphenyl 

f. 

2,4-dichloropentanal 
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6. Write out all possible configurations of 2,4-dibromopentane-3-carboxylic 
acid. Label asymmetric carbon atoms, enantiomorphs, diastereoisomers, meso 
forms. If the central (no. 3) carbon atom had no asymmetry at all, as in 2,4-di- 
bromopentane, how many different forms would there be for this compound? How 
many optical isomers of 2,4-dibromopentane-3-carboxylic acid actually do exist? 

7. Write a projection formula to illustrate each of the following concepts. 


a. nonasymmetric molecule 

b. sterically hindered asymmetric 
biphenyl 


c. asymmetric molecule without 
asymmetric atom 

d. optically inactive compound 
with asymmetric carbon atoms 


Optical Rotatory 
Dispersion 



32-1 DISPERSION 

It is a common observation that the index of refraction of a substance 
depends on the wavelength of transmitted light. The higher refractive 
indices of shorter wavelengths make possible dispersion of light into a 
spectrum upon passage through a prism. Similarly, the specific rotation 
of a substance depends on wavelength, with shorter wavelengths giving 
higher specific rotations, so long as no absorption of light occurs in the 
region of study. The change of specific rotation with wavelength is called 
optical rotatory dispersion. 

32-2 ABSORPTION OF LIGHT 

You are familiar with the fact that the wavelengths of lines in atomic 
emission spectra are related to energy transitions of electrons from higher 
to lower energy states. Conversely, if light of the proper wavelength is 
passed through matter, atoms can absorb the light, using the absorbed 
energy to acquire an excited state. Thus, electromagnetic energy pro¬ 
vided continuously over a range of wavelengths is absorbed by excitable 
atoms at only those wavelengths corresponding to electronic transitions, 
resulting in an absorption spectrum. Similar, though more complex, 
absorption spectra are more often observed in molecules (see Chapter 33). 


32-3 THE COTTON EFFECT 

Near and through regions of absorption where energy transitions occur, 
optical rotatory dispersions often behave quite irregularly. They often 
characteristically pass through one or more maxima (“peaks") and min- 
una ( ‘troughs"). Such irregularities are called the Cotton effect (Aime 
Cotton, chemical physicist). (See Fig. 32-1.) 

If the curve shows a single maximum and single miminum (Fig. 32-1), 
the curve is a single Cotton effect. Curves with two or more peaks and 
corresponding troughs for an absorption band are multiple Cotton effects, 
he Cotton effect is positive when the end toward longer wavelengths is 
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Fig. 32-1. Optical Rotatory Dispersion Showing Cotton Effects. 


positive (solid line in Fig. 32-1) and negative when the curve is like the 
dotted line in Fig. 32-1. One enantiomorph will give a positive Cotton 
effect, and the other, having equal rotations always of opposite sign, a 
negative Cotton effect. These effects are related to the orientation of 
groups in the molecule near the light-absorbing group (chromophore, 
§33-2E). 

32-4 MEASUREMENT OF OPTICAL ROTATORY DISPERSION 

Instrumentation for optical rotatory dispersion is a combination of the 
polarimeter to measure optical rotation, a spectroscope to provide mono¬ 
chromatic light (visible or ultraviolet) of known wavelength, and a photo¬ 
electric device to determine the angle of minimum transmittance. The 
whole instrument is called a photoelectric speetropolarimeter. 

32-5 STRUCTURE AND OPTICAL ROTATORY DISPERSION 

Optical rotatory dispersion has been a powerful tool for the determina¬ 
tion of absolute configurations of molecules since the first absolute con¬ 
figuration was determined in 1951. Absolute configuration is the actual 
spatial orientation of groups at an asymmetric center, while relative con¬ 
figuration compares the configuration of a molecule to that of a standard 
substance, as in the classic sugar studies by Emil Fischer (§38-1 B(7)). 
Thus far, the most successful applications of the optical rotatory dis¬ 
persion procedure have been to the stereochemistry of cyclohexanones 
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and complex ring compounds containing the cyclohexanone ring. For 
this, the octant rule applies. 

A. The Octant Rule 

When the molecule containing the cyclohexanone ring is oriented as in 
Fig. 32-2, with the carbonyl group on the origin of the axes, and the mole¬ 
cule divided as shown by Cartesian coordinates into octants, then pro¬ 
jected on the frontal plane, P,, perpendicular to the C=0 bond, the 
octant diagram (Fig. 32-3) results. 

The octant rule for cases in which all ring substituents lie within the 
rear octants has the following postulates: 

(1) Atoms lying in any of the dividing planes make no contribution to 
the specific rotation. These include the directly connected atoms in 2 Re, 
2Le, 4a, and 4e positions. The designation 2Re, for example, means the 
equatorial group on carbon 2 to the right; 3La means the axial group on 
carbon 3 to the left. 

(2) Atoms lying in the upper right octant (above plane P 2 and to the 
right of P 3 ), and those lying in the lower left octant (below plane P 2 and 
to the left of P 3 ) make negative contributions to the specific rotation. 
These include groups 3Ra, 3Re, and 2La, as well as any atoms attached to 
2Le, 2Re, 4a, and 4e that lie in these octants. 

(3) Atoms lying in the upper left octant (above plane P 2 and to the left 
of P 3 ), and those lying in the lower right octant (below plane P 2 and to the 
right of P 3 ) make positive contributions to the specific rotation. These 
include groups 3La, 3Le, and 2Ra, as well as any atoms attached to 2Le, 
2Re, 4a, and 4e that lie in these octants. 

When any ring substituents lie within the front octants (to the left of 
plane P,, Fig. 32-2), the contributions of these groups to the specific rota¬ 
tion are opposite in sign to those of the groups in the octants behind them. 

These signs apply to the long-wavelength sides of Cotton effect anom¬ 
alies; hence, if the sum of contributions is positive, the Cotton effect is 
positive, and the Cotton effect is negative if the sum of contributions is 
negative. The applicable Cotton effect is that for an absorption band due 
to the keto group. 

B. Further Conventions 

Since spatially opposed like atoms and groups on opposite sides ol a 
reference plane each cancel the contribution of the other, only groups 
which have no correspondence need to be considered in evaluating the 
total specific rotation. These are called significant groups (or significant 
atoms). Abbreviated diagrams are derived from the octant diagram in 
which each significant atom or group is indicated by its arabic position 
number, if carbon, or arabic position number and symbol, if not carbon. 
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Fig. 32-2. Orientation of a Cyclohexane Ring for the Octant 
Rule. 



Fig. 32-3. Octant Diagram. The carbon which is doubly bonded 

to the oxygen in Fig. 32-2 is Carbon 1. The rearmost carbon in 
Fig. 32-2 is carbon 4. 


Hydrogen atoms are neglected. The number is italicized if the atom or 
group appears in the front (or near) octants. 

Such an analysis is given in Table 32-1 for a relatively simple cyclo¬ 
hexanone derivative, menthone, I and II, and a steroid, 5 a -androstan-4- 
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TABLE 32-1 




Octant Diagrams 


CH, 

3—4—5 

I I I 

- 2 - 0 - 6 — 

I 

(CHjhCH 


OH, 5 4 3 /CH, 
-6—0-2 —CH- 



Significant Groups 



5 Me 

5 Me 


18, 19. C-rmg. D-ring 

2 r'-Pr 





Cotton Efficts 


I 

II (Pref.) 

III 


Predicted 


+ 


Obs erved 


) 


+ 11 



°ne. Ml, both in dioxane solution. The Cotton effect is given, as custom- 

ar y, in amplitude units, ([ 0 ]peak - ( 0 jtrough) x 10 2 . 

Note confirmation that the menlhone conlormer with equatorial 
equatorial irans methyl and isopropyl groups is preferred over the con- 
former in which both groups are axial. The fused ring system of the 
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steroid allows no such conformational freedom, hence its spatial arrange¬ 
ment is unambiguous. 

C. Applicability of Optical Rotatory Dispersion 

Thus far too few classes of compounds have been studied to arrive at 
any quantitative application of optical rotatory dispersion (ORD). Never¬ 
theless, significant qualitative advances have been made which permit the 
assignment of absolute configurations to a-aminocarboxylic acids, satu¬ 
rated cyclic ketones (of 5- and 7-membered rings as well as 6-membered), 
especially a-halogenoketones, and a,/3-unsaturated ketones. 

SUPPLEMENTARY READINGS 

Djerassi, C.. Optical Rotatory Dispersion , McGraw-Hill, New York, 1960. 

Eliel, E. L., Stereochemistry of Carbon Compounds , McGraw-Hill, New York, 
1962, Chapter 14. 

Klyne, W., “Optical Rotatory Dispersion" in R. A. Raphael, E. C. Taylor, and 
H. Wynberg, Eds., Advances in Organic Chemistry, Methods and Results, 
Vol. I, Interscience, New York, 1960. 

QUESTIONS AND PROBLEMS 

1. Difierentiale between refractive dispersion and optical rotatory dispersion. 
In what way is ORD dependent on the former? 

2. How do refractive dispersion and ORD difTer in regard to their behavior in 
the vicinity of molecular absorption bands? Of what use is the behavior of ORD 
at these wavelengths? 

3. Set up octant diagrams for the following compounds. Denote significant 
groups and predict the sign of the Cotton effect. If more than one chair conforma¬ 
tion is involved, give the analysis for both. 



d. 5 a-androstan-3-one (see formula Ml. $32-5B) 
c. 5 a-androstan-2-one 



Color and Spectra 



33-1 SPECTRA AND ABSORPTION OF LIGHT 

If electromagnetic energy provided continuously over a range of wave¬ 
lengths is passed through excitable atoms or molecules, the spectrum of 
the transmitted energy shows that light is missing, or has been absorbed, 
at certain characteristic wavelengths. This spectrum is called an absorp¬ 
tion spectrum. 

33-2 MOLECULAR SPECTRA 
A. Energy Changes in Molecules 

The molecular characteristics in which energy changes are involved are 
electronic, vibrational, rotational, and translational (see hig. 33-3). 
Molecular electronic changes and transformations in molecular motions 
each have characteristic ranges of wavelength in the electromagnetic 
spectrum (see Fig. 33-1 and §9-2A). 

While a multitude of different electronic transitions is possible in a 
molecule, in general they involve elevation of electrons from bonding to 
antibonding orbitals. Excited acetylene and hydrogen cyanide molecules 
acquire different types of bond hybridization, leading to bent molecules 
with longer triple bond distances (Fig. 33-2). 

The wavelengths of electronic transitions are usually in the region of 
ultraviolet or visible light (relatively high energies). 

Energy transitions between vibrational states, rotational states, and 
translational states (Figs. 33-3 and 33-4) are based on a rather dillerent 
principle. Nevertheless, like electronic energies, energies of molecular 
motions exhibit discrete levels. Light of energy hv y equal to the energy 
difference between vibrational energy levels, is absorbed in raising the 
molecular energy. Rotational and translational energy changes operate 
similarly. 

Wavelengths of light associated with vibrational energy transitions arc 
in the range of near infrared, that is, near to the visible spectrum (rela¬ 
tively low energies). Rotational energy transitions arc associated with 
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excited state excited state 

Fig. 33-2. Effects of Excitation on Triple 
Bonds. 



A. Vibrational Modes 




Fig. 33-3. 


B. Rotational Modes 


Types of Molecular Motions. 



C. Translational Mode 

wavelengths in the far infrared (quite low energies), that is, relatively far 
^om the visible spectrum. 

Using Spectra to Determine Structure 

(!) Ultraviolet and Visible Spectra. Each energy transition, to recapilu- 
a * c » is associated with a specific wavelength of light. However, molecular 
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ground 

state 



state 


Fig. 33-4. Absorption of Light by Vibrational Transition. 


spectra in the visible and ultraviolet regions are characteristically band 
spectra, not line spectra. This is due to very close spacing of spectral 
lines and to broadening of the lines by addition of vibrational and ro¬ 
tational transitions to the electronic transitions. Fig. 33-5 shows the rela¬ 
tionship between band spectra and absorption curves. 

A second characteristic of electronic molecular spectra is that the elec¬ 
tronic environment has some influence on the electrons of each other 



A. Band spectrum (photographic negative) 



B. Absorption curve 

Fifl. 33-5. Correspondence Between Band Spectrum and Absorption Curve. 
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group. Consequently, the spectra are quite variable in relation to struc¬ 
tural features except in the case of strong absorbers (chromophores, 
§33-2E) such as C=0, C=N, or C—C. 

Solvent-solute interactions introduce further energy terms that result 
in further broadening and blurring the absorption spectra. Solvent effects 
on the ultraviolet spectrum of benzene are shown in Fig. 33-6. 



2000 2200 2400 2600 2800 


wavelength, A 

Fig. 33*6. Absorption Curves for Benzene. Pure and in Three Sol¬ 
vents. (A) Vapor phase, (B) In ethanol, (C) In heptane. (D) In 
cyclohexane. 

Several terms used in quantitative description of spectra are important. 
Absorption maxima are wavelengths at which the most light is absorbed. 
They are also sometimes called absorption peaks. Absorption minima are 
wavelengths at which the most light is transmitted between maxima. 

The law of light absorption (Beer-Lambert law) can be expressed in the 
form of either eq.(l)or(2). 

0 ) / - / 0 «~-< 
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(2) In -j- = -ocd 
'o 


where I Q is the intensity of incident light, I is the intensity of transmitted 
light. The concentration of solution is c, the thickness d. The term a (also 
given as e; see Fig. 33-6) is the molecular extinction coefficient when c is 
given in molarity, d in centimeters. The molecular extinction coefficient is 
a constant for a substance at a given wavelength (provided there is no sol¬ 
vent interaction), but changes with change in wavelengths in a manner 
characteristic of the substance. This is the value plotted to give the usual 
absorption curve. 

While absorption spectra are unique properties of substances, closely 
related or homologous compounds may have significantly similar spectra. 
A large number of structure determinations depend on this fact. A few of 
the more outstanding types of information gleaned are summarized below. 

Isatin might have either tautomeric structure, I or II. The methyl 
derivatives, III and IV, are both available; their spectra are different. The 
absorption curve for isatin corresponds more closely to that of the N- 
methyl derivative (III); hence, isatin exists largely as tautomer I. 



Resonance in stilbene-Iike systems depends on the coplanarity of the 
entire conjugated system. Where steric hindrance forces components of 
the system out of the plane, resonance is inhibited and absorption maxima 
are less intense and occur at shorter wavelengths. 



cis-stilbene frons-stilbene 


Thus, m-stilbene absorbs at shorter wavelengths than rranr-stilbene, 
because the ortho hydrogen atoms interfere with coplanarity in the former. 

(21 Infrared Spectra. At first glance, infrared spectra appear to be more 
complex than ultraviolet spectra. This apparent complexity is due to 
much better resolution of a simpler spectrum. Infrared lacks the elec- 
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Ironic energy transitions. Medium near infrared has vibrational transi¬ 
tions overlaid by rotational transitions. 

Since infrared spectra depend on molecular motions, they are subject to 
masses of component parts. Very seldom do complex molecules strike 
vibrational modes encompassing the entire molecule. As on a charm 
bracelet, each pendant, or group, of the molecule joggles separateU in its 
own peculiar frequency. Hence, absorption maxima in infrared are 
characteristic of specific groups (see Figs. 33-7, 9-7, and 9-8). 

Because of its group characteristic frequencies, an infrared spectrum is 
a powerful tool for structural analysis. Not only can the types ot groups 
be deduced from the spectrum, but their number can often be inferred 
from the intensity of their absorption maxima. Furthermore, although 
the molecule as a whole does not dominate the nature of the spectrum, it 
has an influence, so that positional isomers, cis-irans isomers, and the like 
can be readily distinguished. Infrared absorption is a much more power¬ 
ful tool than ultraviolet absorption in this respect. As a quantitative 
tool, IR has been used to determine the proportions of components in a 
mixture within a few per cent. 

As a tool in reaction studies, 1R analysis is invaluable for following 
the disappearance of reagents and formation of products. Not only can 
the overall production of compounds be followed, but their nature and 
proportions ascertained. For example, the proportions of cis- 1,4, irans- 1, 
4 and 1,2-additions in polymerization of butadiene can be determined by 
IR. The technique is simply that of determining the heights of different 
peaks characteristic of the three forms and solving three simultaneous 
proportionality equations. 

C. Effect of Conjugation on Electronic Energy Transitions 

If conjugated unsaturated systems did not interact, the energ\ levels of 
all double bonds would be the same as those for ethylene (see Kekule 
benzene vs. resonance benzene. Fig. 7-3). The lowest possible electronic 
transition would then be the elevation of a ir electron to the ?r* (anti¬ 
bonding) level (Fig. 33-8). Multiplicity of double bonds would simply 
increase the extinction coefficient (the intensity of absorption), as is found 
in systems of isolated double bonds. 

Resonance, however, changes the orbital situation. The lowest energy 
7 r orbllal in an aromatic system has a much lower energy than an olefinic 
tt orbital. This aromatic orbital holds two electrons. The remaining 
electrons of the conjugated system must go into higher energy levels, some 
of which may also be lower than the levels of ethylene. As the system 

ecomes more complex, and more electron pairs become involved in reso¬ 
nance, the difference in energy between the highest filled tt orbitals of the 
molecule and the lowest energy empty tt* orbitals becomes smaller (see 



PER CENT TRANSMITTANCE 


646 COLOR AND SPECTRA 



3 4 5 6 7 8 9 io II 12 13 14 15 


WAVELENGTH, p 

Fig. 33-7. Infrared Spectra of Representative Compounds in 
Cyclohexane or Carbon Tetrachloride. 




Fig. 33-7. 
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Fig. 33-8). The result is that the more extensive the conjugation, the closer 
are the highest filled tt orbitals to the lowest empty 7r* orbitals. Conse¬ 
quently, conjugation moves the range of absorption toward longer wave¬ 
lengths. The more extensive the conjugation, the greater this batho- 
chromic shift. 





Energy 

Content 

of 

Orbitol 




O CO OCO 0X0 ocooo 

benzene naphthalene anthracene naphthacene pentacene 


colorless yellow-orange purple 

Fig. 33-8. Effect of Complexity of Resonance System on Energy Transitions 
from Highest Occupied to Lowest Unoccupied Levels. 


The elTect of lengthening a conjugated system on the range of wave¬ 
lengths absorbed is strikingly illustrated in the series of compounds 
(CH=CH)„ C 6 H s in benzene solution (Fig. 33-9) and the series 



(Fig. 33-8). From the orbital energy levels given in 


Fig. 33-8, it is apparent that the energy required to raise an electron 
from the highest bonding orbital to the lowest antibonding orbital de¬ 
creases as n increases. While other factors enter into the AE for the first 
excitation, to a first approximation, this transition energy is simply the 
difference in energies between the highest occupied level and the lowest 
unoccupied level. Other series have similar energy considerations, though 
the orbitals may be more complex. Since AE = hi> = he/ A, in which h is 
Planck’s constant. * the frequency, X the wavelength, and c the velocity of 

fight, it is apparent that AE is inversely proportional to the wavelength of 
fight absorbed. 
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n 


2 


3 

4 

5 

6 

7 


visible region - 
(to 7000 A ) 



3000 4000 5000 


Wavelength of light obsorbed, A 

Fig. 33-9. Change of Wavelength and Extinction 
Coefficient with Change of n in 



D. Production of Visible Color 

Color is a physiological sensation associated both with wavelengths o 
light striking the retina and with relative intensities of long and short 
waves of light striking the retina regardless of their actual wavelengths 
An arbitrary classification of discrete colors in order rom t e s or o 
long wavelengths is violet, blue, green, yellow, orange, an re . o or 
can be observed when a source emits light of a certain wave engt in e 
visible region. For example, when sodium vapor is heated, yeow ig t is 
emitted. Such emission is due to falling of the electrons which have been 
raised thermally to excited states from the higher to lower energy levels. 
Certain excited molecules or molecular fragments may also give emission 


650 COLOR AND SPECTRA 


spectra, though such an effect is often difficult to produce without de¬ 
composition of the molecule. 

An alternative process for color observation is the absorption of a short 
band of wavelengths from white light. A visual sensation of color com¬ 
plementary to the color associated with emission in the absorbed region 
results. Table 33-1 shows the relationship between the color associated 
with emitted light of a given region and that associated with absorption 
of light in the same region. Absorption of light invisible to the eye has 
no effect on the observed color. 


TABLE 33-1. Emission and Absorption Color Relationships 


• 

Wavelengths. A 

Emitted or Absorbed 

Color Seen upon 
Emission 

Color Seen upon 
Absorption 


4100 

violet 

yellow 


4600 

blue 

orange 


5400 

green 

red 


5800 

yellow 

violet 


6100 

orange 

blue 


7000 

red 

green 



E. Chromophores, Auxochromes, and Hypsochromes 

An early theory of dyes first formulated by Otto Witt (1876) provided 
the foundation for an understanding of the molecular basis of color. 
According to the Witt color theory and its extensions, a dye is made up of 
two essential kinds of parts, chromophores and auxochromes. Chromo- 
phores (Gk., khroma , color and phoros, carrier) are unsaturated groups, 
the presence of at least one of which is essential to produce color in a 
compound. Auxochromes (Gk., auxanein , to increase) are groups which 
deepen color when chromophores are present. Three kinds are classified, 
those which are electron sources, those which are electron sinks, and those 
which may be either. Examples of chromophores and auxochromes are 
given in Tables 33-2 and 33-3. 

Like many other primitive theories, the Witt theory has been replaced 
by modern electronic theories. As was pointed out before, it is resonance 
stabilization of excited states that is responsible for absorption in the 
visible region. 

The effects of chromophores and auxochromes on absorption spectra 
are illustrated in Fig. 33-10. Here the benzene ring may be considered to 
be a chromophore, while the auxochromes, the amino group and the nitro 
group, are, respectively, an electron source and an electron sink. When 
these are conjugated, the longer resonance system decreases the energy 
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TABLE 33-2. Chromophores 


V 

1 

n 
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o 

II 

A 
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II 
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—N=0 
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—N=N — 

—N=0 
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O 



TABLE 33-3. Auxochromes 

Electron Sources 

Electron Sinks 

Ambielectronic 

—OH 

—N=0 

^3 

—OR 

— N=0 

1 

X 

u 

II 

X 

o 

1 

—nh 2 
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—C—R 

II 

O 

—N —N — R 

—NHR 

—C=N 


—nr 2 

O 

t 

—S—R 

i 

O 



gap of the ground state-excited state transitions, with visible color produc¬ 
tion as a result. All of these groups are bathochromes, groups which 
lengthen wavelengths of absorption maxima in molecules in which they 

occur. _ 

Hypsochromes are groups which diminish resonance, often by forcing 

7 T orbitals out of coplanarity. Examples are alkyl groups on benzene rings 
ortho to adjacent rings or chains, where they force such groups into posi¬ 
tions unfavorable to transmission of resonance across the molecule. 
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Wavelength, A 

Fig. 33-10. Absorption Spectra of Benzene, Aniline, Nitrobenzene, 
andp-Nitroaniline. 


33-3 DYES AND DYEING 

A dye is a material that (a) absorbs strongly in the visible region and 
(b) adheres to a surface by virtue of chemical or physical attraction 
between groups on the dye and groups on the dyed substance. A classified 
list of important dye types is given in Table 33-4. The dyes are classified 
according to their chromophores. The mesomeric systems are emphasized 
by the use of bold type. 

The effects of the extent of resonance on energy transitions are color¬ 
fully illustrated in dyes. Crystal violet, which has twelve identical canon¬ 
ical structures (including Kekule structures for the aromatic rings), 
absorbs light farther into the visible spectrum than malachite green, 
which has only eight major contributing structures. 

In addition to these lower-energy contributing structures, a number of 
higher-energy carbonium forms make minor contributions to charge de¬ 
localization (see the triphenylcarbonium ion, §12-1 B(4)). 

Possibly even more interesting than dyes from the viewpoint of energy 
transitions is a new class of compounds called optical bleaches. This is but 
one of many types of fluorescent compounds. Fluorescence is the ability 
of a compound to absorb light of high energy (UV) and re-emit the light 
in short, lower energy transitions in the visible range. Actually, many 
common compounds fluoresce, among them anthracene, fluorene, and 
fluorescein (whence the names of the last two). The primary character¬ 
istics of an optical bleach are that it be colorless and that it emit blue 
light. The practical value of the latter is to offset blue absorption 
(yellowing) in textile fabrics through accumulated soil and deterioration 
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(CH 3 ),N 

crystal violet 



molachite green 


of certain fabric components. Thus, clothing washed with a detergent 

mixture containing an optical bleach becomes “whiter than white. 

Typical energy transitions involved in fluorescence are shown in Fig. 
33-11, p. 658. Each electronic state has several associated vibrational 
levels. A resting molecule will generally be in the lowest vibrational level 
of the ground electronic state. Absorption of light. A, promotes the 
molecule to one of the higher vibrational levels of the first excited state. 
The reason is shown in Fig. 33-11 inset. The atoms of the molecule do not 
have time to move from their optimum distances in the ground state, G, to 
those of the excited slate, £; hence the excited molecule automatically 
finds itself in a higher vibrational level, at v,. This super-excited molecule 
loses the excess vibrational energy in collisions with other molecules, the 
wavy arrow C'. Some molecules can also lose the energy, F % by collisions, 
but others emit electromagnetic energy, F, before they can collide (about 
lO " sec.). Again, the molecule finds itself in a higher vibrational level. 



TABLE 33-4. Dyes Classified According to Chromophores 


Formula 


Name and Comments 


I. Azo dyes 
a. Azoic dyes 



• • 


Naphthol AS-ITR + Fast 
Red ITR Base. An Azoic 
dye is an ingrain dye of 
the azo type, character¬ 
ized by lack of hydro¬ 
philic groups, and con¬ 
taining an aryl amido 
group. An ingrain (or de¬ 
veloped) dye is a dye 
formed by coupling di¬ 
rectly on a fabric. Sepa¬ 
rate solutions of the 
diazonium salt and the 
coupler are required. 


b. Acid dyes 


H0 3 S 



•• 


NH 2 


N = N 


•• 9$ 



S0 3 H 


«• •• 


Congo Red 

An acid dye is any dyestuff 
that has acid functions, 
such as carboxyl groups 
and sulfo groups. 



Ponceau Red 2 R 
A lake is a dyestuff ad¬ 
sorbed on an insoluble 
metal compound. A pig¬ 
ment is a colored mate¬ 
rial which is embedded 
in the material it colors. 



Alizarin Yellow R 

Also used as an indicator. 
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TABLE 33-4 (Continued) 


Formula 


2. Triphenylmethane dyes 
a. Basic dyes 


N(CH 3 ) 2 



©M(CH 3 ) 2 



b. Acid dyes 


5 No 00 




c. Phthalein dyes 

© 



Name and Commenis 


Malachite Green 
A basic dye is any dyestuff 
having basic functional 
groups, such as amino, 
guanidino. amidino. 


Fuchsin, Magenta. Rosani- 
line 


Chrome Violet CG 


Fluorescein 
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TABLE 33-4 (Continued) 


Formula 



3. Azine dyes 
a. Oxazines 



b. Acridines 



c. Phenazines (safronines) 




4. Nitrodyes 



Name and Comments 


Eosin 


Capri Blue 


Acridine Yellow G 


Mauveine 


Amido Yellow E 
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TABLE 33-4 (Continued) 


Formula 


Name and Comments 


5. Quinonedyes 

a. Simple quinones 

0 H 



b. Alizarins 

o *oh 

H 



0 


6. Miscellaneous types 

a. Indigoid dyes (vat dyes) 




b. Sulfur dyes (vat dyes) 



Helindon Yellow CG 


Alizarin 


Indigo 

A vat dye is a dye applied 
as a solution of colorless, 
reduced form (leuco 
base), which then air oxi¬ 
dizes on the fabric. 


Primuline 


# 
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first ex¬ 
cited state 


ground 

electronic 

state 




Fig. 33-11. Energy Transitions Which Lead to Fluorescence and Phospho¬ 
rescence. A = excitation to higher vibrational level of excited state, v e in inset. 
C' = loss of excess vibrational energy. F = emission of energy back to ground 
electronic state, but at higher vibrational level, in inset. T = transition from 
excited state to triplet state. P = slow emission of energy back to ground state by 
way of a “forbidden” transition. 


v g , now of the ground state. Again, thermal collisions remove the excess 
vibrational energy, C. The net result of this sequence is that the energy 
of the emitted light is less than that of the absorbed light; hence, the 
emitted light is of longer wavelength than that absorbed and may be 
visible even when the absorbed light is in the UV. 

The transitions involved in fluorescence occur between singlet states 
Fig. 33-12A), slates in which all electrons are of antiparallel spins. Quan¬ 
tum selection rules predict that excitation simultaneous with spin reversal 
is improbable. There are also a number of triplet states (Fig. 33-12B), states 
in which two electrons are of parallel spins. The transition from the 
ground state to the lowest triplet state is often “forbidden,” that is, very 
improbable. The molecule reaches this triplet state by transfer from the 


MO’s 

ground 

1st excited 

2nd excited 

1st triplet 

2nd triplet 


singlet 

singlet 

singlet 



3rd 

o 

O 

o 

O 

O 

2nd 

(0> 

O 

CCD 

o 

<G> 

lowest 

<o> 

<□> 

o 

<o 

O 

spin interactions 

only 

H = 0 (single) 

M =+1.2 

= 0 

with maanetic 

field 



♦ i =-l (tl 

riple) 


A B 

Fig. 33-12. Arrangement of Electrons in MO's in Singlet and Triplet States. 
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excited singlet state, T. Any energy evolved in this process may be lost 
through collisions. Now the molecule finds itself in a metastable energy 
state; to go directly to the ground state is an improbable transition, hence 
very slow. Thus, molecules emit the energy, P, over a long period of time, 
a phenomenon called phosphorescence. Fluorescence persists only about 
10" 8 sec. after the exciting energy source is shut off. that is, fluorescence 
occurs only during excitation. Phosphorescence, however, persists from 
10“ 2 sec. up to several seconds after the exciting energy source is shut off. 

A typical optical bleach, or “blankophor,” is Blankophor R. It may be 
noted that this molecule does not have a long conjugated system (the long¬ 
est is the central diaminostilbene system), hence does not absorb visible 
light. But it does have two diphcnylurea systems and the central stilbene 
system, which can be expected to absorb intensely in the near UV. The 
emitted light, therefore, falls just into the visible region, in the blue end 
of the spectrum. 


SOj H 



Blankophor R 


A. Direct Dyeing. 

Application of a dye solution directly to a material to be dyed is called 
substantive, or direct , dyeing. The dyestuff must bond strongly to the 
fibers of the dyed material to be wash fast. Since salt-forming groups 
most successfully attract dye molecules, protein fibers such as wool and 
silk are most easily dyed by this method. 

B. Mordant Dyeing 

A trick used to make fibers with weak attraction for dye molecules, 
such as cellulose and its derivatives, take dyes effectively is to treat the 
fiber with an intermediate compound that bonds to the fiber and to the 
dye. This intermediary is called a mordant. Aluminum hydroxide and 
antimony compounds are mordants used with acid dyes. Tannic acid is 
used with basic dyes. 

The fabric is treated with a solution of the metal salt or tannic acid, 
then dipped into a fixing solution to precipitate the mordant in the fiber. 
The prepared fabric is then dyed as in direct dyeing. 

D. Developed Dyeing 

When an azo dye is coupled on the fiber surface, the process is called 
developed or ingrain dyeing. The dye is retained on the fiber mainly 
because of its insolubility. (See also azoic dyes. Table 33-4.) 



660 COLOR AND SPECTRA 


The developing process is especially suitable for fabric printing. A 
paste containing the coupler and an inactive diazo precursor is printed on 
the fabric with rollers. Treatment of the diazo precursor with formic acid 
vapors, heat, or light forms the active diazonium salt, which immediately 
couples and forms the dye on the fabric. The paste matrix is then washed 
off. 

Diazo precursors which are used are an/fdiazosulfonates and diazo¬ 
amino compounds. 

Ar—N Ar—N=N—N—CH 2 —CO" Na + 

N—S0 3 " M + CH 3 O 

arene-anf/diazosulfonate arenediazoamino compound 

(heat or light activated) (acid activoted) 

D. Vat Dyeing 

In vat dyeing a leuco base is dissolved in alkali or sodium sulfide solu¬ 
tion. The fabric is soaked in the solution, then allowed to air-oxidize to 
the desired color intensity. A wash to remove the alkali or sulfide com¬ 
pletes the process. (See indigoid dyes. Table 33-4.) 

E. Diazotype Processes 

Certain arenediazonium fluoborates are stable enough to be isolated 
from solution and kept in the dark at temperatures up to 25°. Exposure of 
paper coated with such salts to UV light destroys the salts. When the 
paper also contains a coupling agent (phenol or arylamine) and is partly 
shadowed by a drawing or print, the shaded portion can be developed in 
ammonia fumes to give a direct positive print in any desired color (usually 
blue or black). The most widely applied variant is the Ozalid process, 
which has virtually displaced the old ferrous ferricyanide blueprint process 
in many applications. 

33-4 INDICATORS 

Indicators are colored organic compounds which change color reversi¬ 
bly with change of conditions in their solution. Two kinds of indicators 
are widely used in analytical work. One changes color with change in pH 
and is used for acidimetry. The other changes color with changes in oxi¬ 
dation potential of reagents in solution and is used for measurements of 
oxidizing and reducing agents. 

Of the two, pH indicators are the more numerous and more common. 
They include several classes, among them basic triphenylmethanes, 
phthaleins, azo, and nitro compounds. 

Unlike dyes, indicators can dispense with the virtue of affinity for fibers. 
However, intensity of color is necessary in at least one form of the in¬ 
dicator. 
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The principle utilized by pH indicators is a difference in mesomerism 
between the acid or base form of an indicator and its salts. These differ¬ 
ences are shown for several indicators in eqs. (5) through (8). in which the 
more highly colored form is given to the left. The pH range of change of 
the indicator occurs from the pH at which the ratio of concentration of 
form A to form B is 1:10 to that at which the ratio of concentration of 
form A to form B is 10:1, approximately. This is a property of the sensi¬ 
tivity of the eye in discerning one color in the presence of the other. This 
range is one hundredfold or two pH units (see Fig. 33-13). 

4 x I0' 6 
3 x 10” 6 

Molar 2 x 10 6 

Concentration 
of Indicator I x 10 6 
Forms 

0 


pH 

Fig. 33-13. Effect of pH on Concentration of Forms of 
Methyl Orange and Resultant Range of Color Change. 

It is a difference in oxidation state that changes the resonance state 
of an oxidation-reduction indicator. Most dyes can be oxidized or re¬ 
duced to forms of different colors, but few such changes are rapidly re¬ 
versible. An example of a reversible redox indicator is methylene blue 
(eq. 9). Azine dyes in general are suitable redox indicators (see Table 
33-4). 


Phenolphthalein: 



pH 10-13 
rose red 

resononce between 
rings A and D 




pH 8 3 
colorless 

diminished resononce 
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( 6 ) 


© 



Methyl violet: 




pH 3-14 

violet 

resononce among all three rings 




pH > 14 

colorless 

no resonance between rings 



pH 2 

green 

resonance between rings A ond B 


pH 0-i 
yellow 

diminished resononce 
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Methyl orange: 




pH 0-3.1 
cherry red 


OH“ 


h 2 o + 

% 



pH 5-14 
golden yellow 


Methylene blue . 
(’) (CH 3 ),N 



N(CHj) 2 + H* + 2e 

© 


blue 

resonance across N between rings 



colorless 

no resonance between rings 
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QUESTIONS AND PROBLEMS 


1. Show by explanation, illustration, or definition that you understand what is 
meant by each of the following terms. Use diagrams wherever it is appropriate, 
but accompany them with verbal explanation. 


a. absorption spectrum 

b. auxochrome 

c. azine dye 

d. azo dye 

e. bathochromic shift 

f. chromophore 

g. coupling agent 

h. direct dyeing 

i. dyestuff 

j. hypsochromic shift 

k. indicator 

l. infrared region 

m. ingrain dyeing 

2. In each pair of compounds below, 
at longer wavelengths in the 
involved in your answer. 


n. lake 

o. mordant 

p. mordant dyeing 

q. nitrodye 

r. optical bleach 

s. pigment 

t. quinonedye 

u. rotational transition 

v. sulfur dye 

w. triphenylmethane dye 

x. ultraviolet region 

y. vat dye 

z. vibrational transition 

would be expected to absorb 
Give the reasoning 


state which 
visible or ultraviolet range. 
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3. Compare infrared and ultraviolet absorption spectra in regard to: 

a. Type of information they give c. Ease of interpretation in terms of 

b. Sensitivity to solvents molecular structure. 

4. Show how the following compounds can be prepared from benzene, toluene, 
naphthalene, anthracene, methanol, ethanol, acetic acid, and inorganic com¬ 
pounds, including phosgene. Indicate reagents and special conditions. Use 
structural formulas for organic compounds. 


a. 

2-aminonaphthol-4,6-disul Ionic 

i. capri blue via />-mtrosodimelhyl- 


acid 

aniline and />-dielhylaminocresoI 

b. 

primuline via /Moluidine 

j. Blankophor R via 4-nitrotoluene- 

c. 

benzidine-3,3'-dicarboxylic acid 

2-sulfonic acid and phenyl 

d. 

malachite green via bcn/alde- 

isocyanate 


hyde and dimethylaniline 

k. ponceau red 2 R 

c. 

fluorescein 

1. phcnolphthalcin 

f. 

chrome violet CG via salicylic- 

m. methyl orange 


acid and formaldehyde 

n. methylene blue 

* 

g- 

amido yellow E via 4-aminodi- 

o. luchsin via /Moluidine and 


phenylaminc-2-sulfonic acid 

M-loluidine 

h. 

helindon yellow CG via ben/o- 
quinone and /7-chloroanilinc 



5. Explain how an optical bleach, producing blue light b\ fluorescence, can 
make a-yellowed material look white. 

6. What structural features in a dyestulf provide for the lormation ol stable 
lakes and mordant dyes? 

7. Write the equation for the pH equilibrium of alizarin yellow R Which lorm 
should be more highly colored? (Note: this indicator has two regions ol color 
change, one at pH 2 4. the other at pH 10 12. Can you write equilibria for both ’) 
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8. Suggest a method by which the structure of phloroglucinol might be es¬ 
tablished to be either I or II. 




34 


Magnetic Resonance 




34 -} SPIN PROPERTIES OF ATOMIC PARTICLES 

A spinning charged body, such as an electron or an atomic nucleus, has 
a magnetic field (Fig. 34-1). In relation to an external field, the spin mo¬ 
ment may be either parallel or opposed. The opposed moment has po¬ 
tential energy which tends to tip the spinning charge to its parallel posi¬ 
tion. Expressed in quantum terms, the spinning electron or a spinning 
spherical nucleus may have a quantum number of +i or —i, depending on 
its orientation. 

To tip the spinning charge so as to invert its spin direction absorbs or 
releases energy. The release of energy when an atomic particle changes 
spin is the basis of magnetic resonance. 

In a uniform magnetic field the spinning particle cannot tip without 
some energy interaction. Instead it precesses, or wobbles (Fig. 34-2). The 
rate of precession depends on the magnetic field strength, 

In a rotating magnetic field, the spinning particle is acted upon uneven!) 
by the field as it precesses. Little interaction results, however, until the 
frequency of oscillation exactly matches the frequency ol precession. 
Under this condition, the spinning particle may be so disturbed as to tip 
over, with consequent release of energy. The oscillating field is said to be 
in magnetic resonance with the spinning particle when such an energy re¬ 
lease is observed. 



'■'M 


Fig. 34-1. Atomic Particles of Opposite 
Spin and Associated Magnetic Fields. 



Fig. 34 2. Precession of Subatomic 
Particle. = magnetic field of par¬ 
ticle. Ha = applied magnetic field. The 
rate of precession depends on the mag¬ 
netic field strength, n a . 
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When the applied magnetic field is removed, the nuclei or electrons 
oriented in preferred positions must lose their magnetic energy as thermal 
energy. This process is called relaxation. 


34-2 APPARATUS FOR DETECTING AND MEASURING 
MAGNETIC RESONANCE 

At least two types of magnetic resonance “spectrometers” have been 
devised, but their principle of operation is the same. The sample is sus¬ 
pended between the poles of a powerful electromagnet. A sweep circuit is 
placed at the ends of the pole pieces with its magnetic field parallel to that 
of the main energizing current. This provides a means of continuously 
varying the field strength. 

At right angles to the sweep field is placed an oscillator coil, which 
provides the rotating magnetic field (see Fig. 34-3). The frequency of the 



R' 



Fig. 34-3. Components of Magnetic 
Resonance Spectrometer. M , Main 
magnetic circuit. O, Oscillator circuit. 
O', Oscillator field direction. R, Re¬ 
ceiver circuit. R', Receiver field direc¬ 
tion. S, Sweep circuit. S', Sweep field 
direction. 


Schematic 
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oscillator is fixed; the precession rate of the atomic particles is varied by 
varying the overall field strength. 

A receiver coil is placed around the sample so as to detect magnetic 
oscillations occurring in the third axis, at right angles to the sweep iield 
and the oscillating field. Specifically, the receiver detects the tipping over 
of atomic nuclei and electrons. 

The usual magnetic field strength used for magnetic resonance (MR) 
measurements is 7,000-14,000 gauss. 


34-3 NMR SPECTRA 

The utility of nuclear magnetic resonance, NMR, lies in its ability to 
distinguish atoms of the same element on the basis of their environment. 
That is, like electromagnetic wave spectra, NMR spectra are structure- 
dependent. Naturally, atoms of different elements have different NMR 
properties; in fact. NMR is a powerful tool for distinguishing, indeed, for 

quantitatively analyzing for, isotopes. 

The NMR properties of various atomic species are given in Table 34-1. 


TABLE 34-1. Magnetic Properties of Atomic Nuclei 0 



Me./ 10.000 Gauss 

", Natural 

Relative 

Nucleus 

Abundance 

Sensitiv it> 

!h 

42.6 

99.98 

1 0(H) 

fH 

6.5 

0.016 

0.0096 

'lc 

10.7 

l.l l 

0 016 

'In 

3.1 

99.63 

0.0010 

'iN 

-4.3 

0.37 

0.0010 

'lo 

- 5.‘8 

0.04 

0.029 


40.1 

100.0 

0.834 


1 tom Nuclear Magnetic Resonance b\ J I) Rohcils 
p.m> Used bv permission. 

b I or equal numbers of nuclei at constant field strength 


i opvn^ht 1**5^ Ml( #r av\ • || ill Rook t om 


The column “Me./10,000 gauss” shows the frequency-field strength 
relationship for each atomic species. Since the spectrometer can easils 
resolve differences of 5 milligauss/10,000 gauss, or the equivalent ol Ire- 
quency differences of 0.000005 Me. (megacycles), the instrument can con¬ 
centrate on one species of atom at a lime. 

For detecting different kinds of atoms, different fixed frequencies can be 
used. For the 60 Me. frequency, , H 1 is the range at (60 x l0,000)/42.6 = 
14,000 gauss. The separation of the atomic signals is directly propor- 
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tional to field strength; hence, there is a distinct advantage in operating at 
the maximum possible field strength. 

The strength of the signal received, or detection sensitivity, is indicated 
in the last column. It is of interest that the hydrogen atom, , H\ produces 
the most intense signal. This makes NMR a tool of choice for the deter¬ 
mination of positions of hydrogen atoms. 

The NMR spectrogram for ethanol at low resolution is given in Fig. 
34-4. Three distinct signals are obtained. Since the amplitude of the 
signal is directly proportional to the number of nuclei present, the assign¬ 
ment of the three signals to the respective hydrogen atoms in the ethanol 
molecule is easy. 


Signal 
Strength 

0 10 20 30 40 50 

Sweep-Circuit Field Strength, Milligauss 

Fig. 34-4. Low-Resolution NMR Spectrogram of 
Ethanol at 9400 Gauss. 



The question of why hydrogen atoms should give different peaks for 
different positions is answered in the interactions between the magnetic 
field and planetary electrons. The bonding and unshared electrons shield 
the nucleus; that is, they interact w ith the applied field so as to diminish 
it in the vicinity ol the nucleus. Differences in bonding situations produce 
differences in the electronic environment. These differences are responsi¬ 
ble for the so-called chemical shift illustrated in Fig. 34-4. (See the corre¬ 
lation table, Fig. 9-9.) 

Higher resolution splits these simple peaks still further (Fig. 34-5). 

The finer peaks are produced by an effect different from that w-hich gives 

the main peaks, as is indicated by the effect of different field strength. 

The distance between the main peaks ( H5 in Fig. 34-5) is proportional to 

the field strength at which the measurement is made. The distances (J in 

Fig. 34-5) between the split peaks, however, are the same, regardless of 
field strength. 

This finer splitting is called first order spin-spin splitting, since it results 
from the coupling of spins between different hydrogen atoms. Spin 
coupling between hydrogen atoms and carbon !2 atoms or oxygen 16 
atoms is not involved except in the “chemical effect." since any atom with 
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Signal 

Strength 


Signal 

Strength 



Fig. 34-5. High Resolution NMR Spectra of Ethanol. (A) Sweep Field 
Strength, Milligauss, at 9400 Gauss and 40 Me. (B) Sweep Field Strength, 
Milligauss, at 7030 Gauss and 30 Me. 


an even number of protons and an even number of neutrons has a zero 

magnetic moment. . 

Spin coupling operates in this way. The possible totals ol spin values 

in methyl and methylene hydrogen atoms are shown in Table 34-2. These 
values are important in their effects on the hydrogen atoms of the adjacent 
groups. Thus, the three possible total spin values of the methylene hydro¬ 
gen atoms couple in three ways with the methyl hydrogen atoms. Cou¬ 
pling of + I brings the peak a little sooner, - 1 a little later, than 0, which 
has no effect. The proportion ol these should be roughly 1:2:1, 
verified in the sizes of the methyl peaks. Coupling with '*C and l6 0 does 
not occur, since these atoms have spin moments of 0. However, spin cou¬ 
pling of protons with l, C. l4 N, W P and other atoms to which the protons 
are attached can occur, since the number ol protons or ol neutrons or ol 
each is odd. 

The four total spin values of the methyl hydrogen atoms couple simi¬ 
larly with the methylene hydrogen atoms, resulting in lour peaks with 
proportions of 1:3:3:1, in agreement with the number ol combinations 
giving each type of coupling. 

Failure of the methylene hydrogen atoms and the hydroxy hydrogen to 
interact is observed only when the alcohol is contaminated by a small 
amount of water or a trace of acid. Under these conditions, O H bond 
forming and bond breaking occur faster than the oscillations by which 
the NMR measurement is made, and hydrogen on oxygen behaves inde¬ 
pendently of other hydrogen atoms in the molecule. When the alcohol is 
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pure and dry, splitting of the H—O peak by methylene and the reciprocal 
splitting of the methylene peak are observed (see Fig. 9-10). 

Analysis of the curves from rt-propyl alcohol, isopropyl alcohol, and 
/c/v-butyl alcohol (Fig. 34-6) serves further to illustrate the relationships 
between spectra and structure where fairly simple relationships are in¬ 
volved. 

The alpha CH 2 group of 1-propanol is coupled with the three spin 
values of the beta CH 2 group (see Table 34-2). These couplings appear 
as the middle cluster of peaks (Fig. 34-6A). 



Signal 

Strength 



Signol 

Strength 


B. isopropyl alcohol 



C. t - butyl alcohol 


Fig. 34-6. Proton NMR Spectra of Alcohols at 
9400 Gauss and 40 Me. 


The beta CH 2 group is coupled with the alpha CH, group and the 
three methyl hydrogens. These six peaks thus appear as a low cluster in 
the first hall of the third series of peaks (Fig. 34-6A). 

The methyl group is coupled with the beta methylene group to give 
three peaks, the first overlapping the sixth £-CH 2 peak. Some evidence 
lor very weak coupling ol the methyl hydrogens with the alpha methylene 
gr >up appears in weak shoulders in the methyl triplet. 

In isopropyl alcohol, the alpha hydrogen atom is coupled with two 
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TABLE 34-2 


Coupling with Two Identical Hydrogens 


Total 


+ 1 
0 

-1 


Graphic 


Quantum Values 


t t 
t i 
1 t 
1 l 


+ 4, + 4 

+ 4, -4 
— i i + 4 
-4.-4 


Coupling with Three Identical Hydrogens 


Total 


Graphic 


+14 

1 t 1 

+ 4 1t 1 t 

I t t 

't 1 i 

-4 t i 

U i t 

-14 111 


Quantum Values 


+ 4 . +4 . +4 
+ 4. + 4 < - 4 
+ 4 • - 4 - +4 

- 4 > +4• +4 
+ 4. -4. -4 

- 4 • + 4 > - 4 

- 4. - 4. + 4 
-4. -4. -4 


methyl groups to give seven peaks (Table 34-3). This hydrogen atom, in 
turn, has only two values, + 4 and - 4 . to couple with the methyl hydrogen 
atoms, resulting in two strong peaks. The two methyl groups show no 
interaction at this resolution, since the hydrogen atoms are too far apart. 

fm-Butyl alcohol has only two kinds ot hydrogen, hydroxy and methyl, 
which do not interact when slightly moist. Hence, the two corresponding 
peaks are unique. 


TABLE 34-3. Coupling Interoctions with Two Methyl Groups 


Total Number of Couplings That Give lotal 


+ 3 

1 

+ 2 

6 

+ 1 

15 

0 

20 

- 1 

15 

-2 

6 

-3 

1 


Even higher resolution shows liner second order spin-spin coupling 
interactions due to longer range interactions between hydrogen nuclei. 

The foregoing discussion assumes that all of the bonds in the molecule 


are freely rotating. Coupling constants are extremely sensitive to the 
angular relationship between the protons concerned. Thus, eclipsed pro¬ 
tons and ami protons on vicinal carbon atoms have large coupling con¬ 
stants, while there is little or no observable coupling when the dihedral 
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angle (§5-1B) is around 90°. Such data have been used for structural 
analysis in cyclic systems. See Fig. 34-7 for the relationship between the 
coupling constant, J (see §34-3 and Fig. 34-5), and the dihedral angle. 

When, in very complex molecules, there is doubt concerning the assign¬ 
ment of PMR peaks to specific hydrogen atoms, one or more hydrogens 
may be replaced by deuterium atoms, which then fail to give peaks and 
which interact differently with adjacent hydrogens. The differences be¬ 
tween the spectra for ordinary and deuterated molecules thus identify the 
hydrogens responsible for certain peaks. 



Fig. 34-7. Variation of Coupling Constant, J, with Dihedral Angle for 
Vicinal Hydrogen Atoms on Saturated Carbon Atoms. Equation of 
M. Karplus, J. Am. Chem. Soc. 85, 2870 (1963). 


34-4 ELECTRON PARAMAGNETIC RESONANCE SPECTRA 

Electron paramagnetic resonance, EPR,also called electron spin reso¬ 
nance, ESR, differs in two respects from NMR. First, the resonant fre¬ 
quency of electrons for a given field strength is much higher than for 
atomic nuclei. This requires some modification of the apparatus for ap¬ 
plication to EPR work. Second, electrons are much more highly re¬ 
strained in their response to spin tipping than atomic nuclei. 

The restrictions on electrons result from the exclusion principle. When 
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electrons are paired to give stable orbitals, the lower orbitals are com¬ 
pletely filled, with two electrons of opposite spin in each. An electron 
cannot be tipped over, therefore, without raising it to an excited state, 
which requires considerably more energy than the magnetic resonance 
technique provides. 

Consequently, only unpaired electrons respond to magnetic resonance. 
This makes any free radical as obvious to magnetic resonance as a 
mountain in the middle of a plain. The main use ol EPR. therefore, has 
been to detect the presence of free radicals during chemical reactions and 
to determine structures of radical species. 
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QUESTIONS AND PROBLEMS 

I. Show by explanation, illustration, or definition that you understand what is 
meant by each of the following terms. Use diagrams where it is appropriate, but 
accompany them with verbal explanation. 


a. 

chemical shift 

d. 

nuclear relaxation 

b. 

EPR 

e. 

spin-spin splitting 

c. 

NMR 

f. 

sweep field 


2. What distinct advantage does NMR have over other physical methods for 
determination of structure? 

3. How is EPR limited in its application to organic compounds? 

4. What is the peculiar strength of EPR as a tool for the study of organic chem¬ 
istry? 

5. Predict the high-resolution sweep curves of the following compounds at 
14,000 gauss and 60 Me. Draw the predicted curves. 

a. methanol c. ethane 

b. neopentyl alcohol d. propane 




Electric Dipole 
Moments 


35-1 BEHAVIOR OF POLAR MOLECULES 

A polar molecule placed in an electrical field tends to orient itself paral¬ 
lel to the field, as in Fig. 35-1 B. Charges of the polar molecules near the 
plates tend to neutralize the charges of the plates, thus increasing the 
capacitance of the plates. 

The dielectric constant, t, of a substance is thus measured by the effects 
of the substance on the electrical properties of a capacitor. Suitable calcu¬ 
lations derive from this a dipole moment for the substance. 

The dipole moment, p, is the twisting force (torque) exerted on a mole¬ 
cule in the position shown in Fig. 35-1 A, when the electric field strength 
is unity. In reference to the molecule, the dipole moment is described by 
eq.(1) 

(1) n = dq + + dq- = 2c Jq* = /q* 

where q* is the magnitude of the charge of the positive pole; q ~, the 
magnitude of the charge of the negative pole; d , the distance from the 
center of charge density (c in Fig. 35-1) to either pole, and / the distance 
between the charges. 

The dipole moment can be expressed in electrostatic unit-centimeters, 
or in the more convenient Debye unit, 10" 18 e.s.u.-cm. 


35-2 RELATIONSHIP OF DIPOLE MOMENT TO STRUCTURE 

The dipole moment of a molecule is the result of unequal sharing of 
valence electrons between atoms and the orientation of atoms in the mole¬ 
cule. Dipole moments are thus closely related to structure. 

A. Molecular Moments as Vector Sums 

The directional qualities of atomic bonding characteristics are clearly 
illustrated in the dipole moments of benzene derivatives. Vector addition 
principles are adhered to rather well if the polar groups are not conjugated 
with each other. The principles of vector addition are illustrated in Fig. 
35-2 and eqs. (2) through (5) (law of cosines). 

676 
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(2) M„ = Mi - M2 

(3) M-, = (M3 2 + M4 2 - M3M4) ,/2 

(4) Mo = (Ms 2 + Mft 2 + M5M&) ^ 




B 

Fig. 35-1. Action of Electric Field on Molecular 
Dipole. (A) Oriented perpendicular to field, 
(B) Oriented parallel to field. 



Fig. 35-2. Calculation of Dipole Moment Vectors. 
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In general: 

(5) Ml " (M7 2 + Me 2 + 2 m 7 Mb cos 6) )/7 

The simple additive quality of dipole group moments acting in the same 
direction is shown in Fig. 35-3. This applies only when the two groups do 
not reinforce each other by resonance. Mesomeric interaction augments 
the total dipole moment (Fig. 35-4). 


Observed 

Calculated 



3.95 0 




045 D. 4 4 D. 

3.95+0.45 = 4.40 D. 


Fig. 35-3. Additivity of Group Moments. 





nh 2 

C ^ 

V- nh 2 

Observed 3.95 D. 153 D. 

61 D. 

Calculated 

5.48 

Dipole moment exaltation due to conjugation 

0.6 D. 

Fig. 35-4. Effect of Increased Resonance on 
Additivity. 

Group Moment 


Vector additivity of group moments, when these are not in line, is illus¬ 
trated^ in Fig. 35-5. Groups ortho to each other interact in two ways to 
dimmish the observed dipole moment. Groups with like charges, or bulky 
groups, repel each other enough to widen the angle appreciably. In addi¬ 
tion, similar groups on adjacent carbon atoms each pull against a charge 
induced by the other group, so that both group moments are decreased. 

ere the group moments are in the opposite direction, as in o-chloro- 
toluene, there seems to be little interaction. 
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Cl 



Calculated 0.000 


© 



155 D 2 £>7 0 

Group dipole interaction - 0 42 D 


Cl 



Calculated 2.00 D 



178 0 . 
182 D 


1.30 D 
1.38 0 


Fig. 35-5. 


Vector Addition of Group Moments. 


Case of Group Interaction. 


Addition of group moments in aliphatic compounds is somewhat more 
compheited because the moments do no, lie in the same plane, bu, can be 

handled bv three-dimensional trigonometry. . , 

Poor agreement between calculated and observed values ,s obta-ed be 
cause of group interaction when the polar groups are on the same carbon 

atom (Fig. 35-6). 





Observed I 86 D 
Calculoted 


157 D 
2 15 


Difference due toqroup 
dipole interaction and 
bond angle distortion 


-058 0 



186 


-0 71 D 


Fig. 35-6. Vector Addition of Moments in Chlorinated Methanes. 
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B. Using Dipole Moments to Determine Structure, Configuration, or Conforma¬ 
tion 

For many simple cases of the nature of those heretofore described, com¬ 
parison of observed dipole moments with moments calculated from 
known group moments, taking into account ortho effects and effects of 
cumulative substitution of a carbon atom, can provide the key necessary 
to establish a structure. 

Another situation in which dipole moments are quite helpful is the 
elucidation of cis and irons configurations. Valid interpretation requires 
determination of the direction of the dipole with respect to the double 
bond, whether parallel, or transverse, as well as whether group moments 
lie along carbon-group bond directions, irons- 1somers in which the 
groups B and C (Fig. 35-7) are identical and the groups A and D are iden¬ 
tical are nonpolar, provided the directions of group moments lie along 
the carbon-group bonds, while the m-isomers are polar. 

(2) Mffom = Mb M c 

(8) Meii = I(Ma - Mb) 2 + (Ma - Me) 2 + 2(/i A - Mb)(Ma - Me) cos 60° ] ,/2 

When, due to freedom of rotation, groups can take positions which 
differ in resultant dipole moments, calculation of the average moment in¬ 
volves integration of complex trigonometric functions. 

In all of the calculations given, the group moments have been taken 
as if carbon-hydrogen bond moments do not count. - Actually, the carbon- 
hydrogen bond must have a group moment. However, because of the 
tetrahedral or hexagonal symmetry of compounds of carbon, it is impos¬ 
sible to compute directly the pure bond moments for every group in the 
molecule, including hydrogen atoms. Carbon-hydrogen bond moments 


w w w w w 

/ \ / \ / \ / \ / V, 

c db db bb aa 


zero moment nonzero moment 



M y . x rotates parallel transverse 

Fig. 35-7. Determination of Cis-irans Isomers by Dipole Moments. 
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can be estimated, however, from similar moments on unsymmetrical 
atoms such as oxygen and nitrogen, together with the electronegatis it\ 
values for the several atoms. 

Group moments might be expected to remain the same in all situations 
not involving changes in resonance or other group interaction. This is 
only approximately true. The inductive effect in long chains tends to 
lengthen the distance between charge centers and thus to increase dipole 
moments. However, to the accuracy with which these values are now ob¬ 
tainable, the inductive effect is not appreciable beyond the second carbon 
atom. 


TABLE 35-1. Average Group Moments for Aromatic Substituent Groups in Vapor (v) and 


Solution (s) 


Group 

Moment (D.) 

Group 

Moment (D.) 

ch 3 

+ 0.37 (v) 

— NC 

- 3.49 (s) 


+ 0.45 (s) 

F 

- 157 (v) 

—CN 

-4.37 (v) 


- 1.43 (s) 


- 3.97 (s) 

Cl 

—1.73 (v) 

cf 3 

-2.6 (s) 


- 1-55 (s) 

nh 2 

+ 1.53 (s) 

Br 

-1.71 (v) 

N(CH 3 ) 2 

+1.58 (s) 


-1 -52 (s) 

NOj 

-4.24(v) 

1 

- 1.50 (v) 


— 3.95 (s) 


- 1-30 (s) 


TABLE 35-2. Average Bond Moments 0 

Bond 

Moment 

Bond 

Moment 

Bond 

Moment 

+ - 


+ 


+ 


H—C 

0.30 

C—Cl 

1.56 

c—s 

0.95 

H~C Af 

0.30 

C—Cl(2 Cl) 

1.20 

C—s 

2.80 

H —N 

1.31 

C—0(3 Cl) 

0.85 

C—N 

‘ 0.40 

H—O 

1.53 

c Ar -ci 

1.43 

N-C Ar 

0.52 

H—S 

0.68 

C —Br 

1.48 

C=N 

0.90 

H —F 

1.98 

C Af Br 

1.41 

C = N 

3.60 

H—Cl 

1.03 

C —I 

1.29 

N—O 

0.30 

H —Br 

0.78 

c A , — 1 

1.20 

N=-0 

2.0 

H—I 

0.38 

c—o 

0.86 

N—O 

3.2 

C—F 

1.51 

o-c A , 

0.47 

s-*o 

2.5 

C Ar -F 

1.27 

c=o 

2.40 




*C.C. Price. Mechanism of Reactions at Carbon-Carbon Double Bonds. Inlcrscicncc. Nc* York 
(1946). p 14 By permission of the publisher. 
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Dipole moments of compounds in solution differ slightly in value from 
those obtained in the vapor state. The solvent can interact with polar 
molecules in several ways, most of which tend to decrease dipole moments. 

Some average group dipoles for groups on the benzene ring are given 
in Table 35-1. In using these moments for calculations, hydrogen mo¬ 
ments are taken as zero. 

Positive values for the group moment indicate that the group is positive 
with respect to the benzene ring; negative that the group is negative with 
respect to the ring. 

Average bond moments are given in Table 35-2. Except for those 
marked “Ar,” such moments apply only in compounds without reso¬ 
nance. Hydrogen moments must be computed when using these values. 

SUPPLEMENTARY READINGS 

Ferguson, L. N., Electron Structures of Organic Molecules, Prentice-Hall, Engle¬ 
wood Cliffs, N. J., 1952, pp. 122-133 and 178-185. 

Glasstone, S., Textbook of Physical Chemistry , 2nd Ed., Van Nostrand, Princeton, 
N.J., 1946, pp. 543-556. 

Ingold. C. K., Structure and Mechanism in Organic Chemistry, Cornell University 
Press, Ithaca. N. Y., 1953, pp. 94 108. 

Leermakers, J. A., and A. Weissberger, “Constitution and Physical Properties of 
Organic Compounds," Organic Chemistry 11, Wiley, New York, 1943, pp. 
1752-1760. 

McClellan. A. L., Tables of Experimental Dipole Moments, Freeman, San Fran¬ 
cisco. 1962. 

Waters, W. A.. Physical Aspects of Organic Chemistrw Van Nostrand, Princeton, 
N. J., 1950. pp. 74 99. 


QUESTIONS AND PROBLEMS 

I. Calculate the bond angles of the central atoms in the following compounds 
from the observed dipole moments and the group moments given in Table 35-1 
or Table 35-2. 


a. diphenylmercury. u = 0 

b. triphenylamine, m = 0 

c. />,/>’-dibromodiphenyl ether, u 


0.4 (use values for moments in 
solution) 

d. trimethylamine, p = 0.67 


2. Show clearly what is meant by each of the following terms. Accompany 
diagrams w ith verbal explanation. 


a. bond moment 

b. dielectric constant 

c. dipole 

d. dipole moment 


e. group moment 

f. molar polarization 

g. nonpolar molecule 

h. polar molecule 
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3. Show which of the isomers in the following isomer pairs with mi and M 2 are 
cis, which irons. Calculate the dipole moment of each isomer from the group or 
bond moments. 


a. 1,2-dichloroethane, mi = 0, 

M2 = 1-8 

b. 2-butene, mi = M 2 = 0-5 

c. 0-bromostyrene, mi = 1.24, 
M2 = *-53 


d. 2,3-dichloro-2-butene. mi = 0, 
M2 = 3.03 

e. l-chloro-l-propene. mi = l.’ 7 l. 
M2 = 1.97 


4. Discuss the idea that because methane is nonpolar, the hydrogen atom and 
methyl group have identical group moments in all hydrocarbons and their deriva¬ 
tives. What data seem to confirm this notion? What data refute it? W hat is the 
real reason for nonpolarity in a polyatomic molecule? 

5. Under what circumstances do bond moments or group moments deviate 
significantly from their average values? 

6. Explain how symmetrical molecules such as hydroquinone. 1,2-dichloro- 
ethane, and irons-] ,4-dibromo-2-butene can be polar. 

7. Discuss the problem of the calculation of average dipole moments of 
molecules whose polar groups arc separated by many carbon atoms in a flexible 
chain. Explain why use of dipole moments to determine cis and irons isomers is 
practical only for relatively simple molecules. 



Diffraction 



36-1 THEORY OF DIFFRACTION 

Diffraction is a wave reinforcement phenomenon. Waves reflected from 
several points may recombine in phase, at opposite phase, or partly out of 
phase (Fig. 36-1). 

The way the waves recombine after passing through a diffraction grat¬ 
ing (a series of reflecting points or lines) depends on the angle at which the 
waves strike the grating and the distance between the grating points (Fig. 
36-2). For reinforcement to occur, the extra distance, abc (in Fig. 36-2C), 


■ AAA 








Fig. 36-1. Combination of Waves at Differ¬ 
ent Phases. (A) In phase: reinforcement. 
Phase separation = 0 radians. (B) Opposite 
phase: cancellation. Phase separation = w 
radians. (C) Partly out of phase. Phase sepa¬ 
ration between 0 and 7r. 
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Fig. 36-2. Diffraction of Waves from Points in a Grating. (A) <a * <* 
when waves scattered from one column of atoms are in phase, those rom i e 
columns arc generally out of phase. (B) n\ * 2ds\t\0\ all scatterc waves ou o 

phase. (C) All scattered waves in phase. 


traversed by each wave beyond that traversed by the next superior wave 
must be exactly a whole number of wavelengths. The relationship e- 
tween wavelength and distance, bd, between grating points is thus given 

by the Bragg equation (eq. 1) 

0) nX «. 2(bd) — = 2 d sin 6 

bd 

where n is an integer; X the wavelength, and d the grating distance (bd in 
Fig- 36-2C) in the same units. When the grating is made up ot atoms, w ith 
grating distances in the order of 10' 8 cm., electromagnetic waves o! simi¬ 
lar magnitude must be used for diffraction. Thus, the waves must e 

least as short as x-rays (see Fig. 33-1). , 

When the points from which the waves are reflected are even > space , a 
series of spots is obtained on a photographic plate in position to receive 
the reflected beams. These spots correspond to reinforcement beams o - 
tained at angles such that abc (Fig. 36-2C) equals one. two, three, etc. 
whole wavelengths. Also, in a three-dimensional grating, other distances 
are involved, such as diagonals of squares and diagonals ol cubes. The 
sum of all these spots is the diffraction pattern obtained from uniform, 
crystalline materials (Fig. 36-3A). 
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Fig. 36-3. Diffraction Patterns. (A) Laue crystal photograph of magnesium 
oxide, (B) Rotation pattern of crystalline benzil, (C) Typical liquid diffraction 
pattern. (Parts (A) and (B) from Glasstone’s Textbook of Physical Chemistry, 
Copyright 1946, D. Van Nostrand Company, Inc., Princeton, N. J.) 

Organic molecules, however, involve many different interatomic dis¬ 
tances, even in the crystalline state. Furthermore, it is impractical to 
solidify all organic compounds to obtain their diffraction patterns. 

In fluids, molecules are oriented in all possible directions and present 
all possible grating distances. It would at first appear hopeless, therefore. 



Fig. 36-4. Oscilloscope Electron Density Contour 
Map of Phthalocyanine, Using X-Ray Analog Com¬ 
puter (X-RAC). 
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to expect any kind of diffraction pattern from a liquid or gas. However, 
there are regularities even in the random orientations of molecules, which 
appear as diffraction patterns. Since the molecules are oriented in all 
directions to the incident beam, the diffraction pattern is a series of con¬ 
centric circles (Fig. 36-3C) instead of spots. From such data it is often 
possible to compute the structures of molecules. Some electron density 
plots obtained by computer and by photographic analysis are shown in 

Figs. 36-4 and 36-5. 



Fig. 36-5. Projection of Hexamethyl- 
benzene by Bragg-Huggins Photo¬ 
graphic Summation. 


36-2 DIFFRACTION TECHNIQUES 

Three types of radiation are presently utilized for diffraction studies 
These arc x-rays, electron beams, and neutron beams. 


A. X-Ray Diffraction 

X-rays are most successfully used with heavier elements, which give 
more intense diffraction, hence clearer patterns. One of the deficiencies 
of the use of x-rays is their inability to locate hydrogen atoms in large 
molecules. This is partly a problem of wavelength, partly one of electron 


density. 

Another limitation of x-rays is their inability to be focused. This pre¬ 
vents their use in any kind of device which might resolve the diffraction 
pattern into an image of the grating. 

It is of interest to stereochemistry that scattering ol x-rays near ab¬ 
sorption maxima of atoms is anomalous and makes possible clear distinc¬ 
tions between those elements involved in the absorption and others. Such 
an anomalous pattern for an asymmetric molecule in the crystalline state 
is asymmetric. Thus, in 1951 Bijvoet and his associates were able to 
establish the absolute configuration ol D-sodium rubidium tartrate by 
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using x-rays absorbed by the rubidium and applying a quantum-mechani¬ 
cal evaluation of the scattering pattern. This determination established 
the Fischer convention of relative configurations of sugars as the correct 
absolute configurations. 

B. Electron Diffraction 

Electron beams have been used to determine the structures of gaseous 
molecules. The advantage of electron beams is that an electron beam can 
be focused, or collimated, by annular magnets. Electrons are affected by 
atomic nuclei as well as orbital electrons. This enables electrons to locate 
hydrogen atoms in molecules which do not have many heavy atoms. One 
distinct disadvantage of electron beams is that their use is confined to 
gases, vapors, and very thin sections of solids. 

C. Neutron Diffraction 

Neutron beams, provided generally by bombardment of beryllium with 
high speed alpha particles, have also been used to some extent for dif¬ 
fraction studies. The difficulty and expense inherent in providing the 
neutrons and technical difficulties of handling and detecting neutrons have 
limited their usefulness. 


SUPPLEMENTARY READINGS 

Clark, G. L., and E. Wolthuis, “A Resume of Electron Diffraction,” J. Chem. 
Educ. 15,64 75 (1938). 

Glasstone. S„ Textbook of Physical Chemistry, 2nd Ed., Van Nostrand, Princeton, 
N. J„ 1946, pp. 355-375, 399 407, 591-596. 
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Ithaca, N. Y„ 1953. 
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QUESTIONS AND PROBLEMS 

1. Give an explanation, illustration, or definition to show clearly what is meant 
by each of the following terms. Accompany diagrams with verbal explanation. 

a. diffraction 

b. diffraction pattern 

c. reinforcement 

2. Why can electron diffraction provide accurate information only about rela¬ 
tively simple compounds? 


Mass Spectra 



37-1 POSITIVE ION BEAMS 

The principle of the mass spectrograph has already been introduced in 
the basic chemistry course. There it was presented as a means of separat¬ 
ing, detecting, and identifying isotopes. For this purpose, elements 
(generally metallic) are injected into an electrical field which ionizes them, 
and the resulting beam of positive ions is passed through a focusing mag¬ 
netic field onto a detector. Ions of identical mass/charge ratio arrive at 
the same point; those of different masses are distributed accordingly (see 

Fig. 37-1). 


eleclron source 
ion accelerator 


sample inlet 


to recording apparatus 
ion collector 


to high 
vacuum 



Fig. 37-1. Schematic Diagram of a Mass Spectrometer 


There is no reason to limit the use of mass spectra to atoms; molecules 
can also be ionized and the masses of the component ions identified by 
their positions at the detector. Thus, in 1940 mass spectra of molecules 
began to provide an important method for analyzing mixtures of com¬ 
pounds. More recently, data from mass spectra have provided informa¬ 
tion about the ionization energies of molecules. Such data are often help¬ 
ful to an understanding of reaction mechanisms. 
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37-2 MOLECULAR MASS SPECTRA 

While atoms are not disintegrated by ionization energies, molecules 
generally are, so that one molecule gives a number of particles with 
masses ranging from that of the whole molecule downward. For example, 
methane gives particles of mass 16 (I), 15 (II), 14 (III), 13 (IV), 12 (V), 
and 1 (VI) in proportions which depend on the relative stabilities of the 
ions. Doubly and triply charged ions may contribute to the spectra if 
ionizing energies of the apparatus are sufficiently high, but ordinarily 
low-energy bombardments by electrons provide only singly charged ions. 
In addition to the masses listed as resulting from methane, small amounts 
of mass 17 and mass 2 are detected due to l3 C and 2 H. Such strange 
species as I, III, IV and V, are found because of the very small number 
of collisions between particles in the very low pressure used. 


' H ' 

+ H 

H 

H 



H-CH 

• • 

®CH 

©o 

©c. 

®c. 

H + 

L H J 

H 

• • 

H 


• 


1 

II 

III 

IV 

v 

VI 

The relative abundance i 

of ions frorr 

i methane 

( 1 : 11 : 1 1 1 : 1 V: V = 

1:0.876 


0.183:0.087:0.029) constitutes its characteristic “spectrum” (which varies 
only slightly with changes in instrumentation). Since a mass spectrum 
depends on the relative stabilities of the ions, together with their rate of 
formation by cleavage of heavier ions, slight changes in molecular struc¬ 
ture produce significant changes in the spectrum. Thus, butane and iso¬ 
butane differ very significantly in the relative abundances of particles of 


mass 58. 42, 29, and 28: 


(l) 

(CH 3 CH 2 CH 2 CH 3 )* 

relatively 

ch 3 ch 2 ch ; 

slowly 

43 

+ © 
t — ch 3 chch 3 


58 

43 



unstable 

relatively 



l 

stable 



ch 3 ch 2 + 

l 



29 

(CH 3 CHCH 2 ) 



i 

42 



ch 2 ch 2 + 




28 


( 2 ) 

/ rH. _ 

very © 

(CH 3 CHCH 2 )* 

1 v-n 3 LnLn 3 \ 

LM 3 LHLH 3 — * 

rapidly 


\ ch 3 / 

43 

42 


58 

relatively 



stable 



i hus, the relative abundances ot these masses for butane and isobutane 
are those given in Table 37-1. Subtle differences occur between other 
mass abundances. 
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TABLE 37-1. Striking Differences in Mass Spectra between Butane and Isobutane 


Mass 


Relative Abundance 

Butane 

Isobulane 

58 

12.85 

0.316 

43 

100.0 

112.3 

42 

12.20 

3.63 

29 

3.67 

0.658 

28 

2.73 

0.296 


Certain positive ion abundances are related to certain structural fea¬ 
tures, so that mass spectra can be used to provide structural evidence. 
Mass spectra can also be used for the analysis of mixtures. 


37-3 MOLECULAR IONIZING ENERGIES 

Since a molecule can be ionized only when it is struck by an electron 
energetic enough to ionize one of its electrons, the threshold energy for 
obtaining a mass spectrum is a measure of the ionizing potential of the 
molecule. From this information and the relative abundances of cleavage 
product ions can be deduced the energies of such reactions as (4) through 
(7) (see Fig. 37-2). 


0 ) 

c 

o 

o 

>N 

O' 

w 

<D 

<U 

o> 

c 

</> 

o 

a> 


A 


F^+ X 


R 0 + X° 


R- + X 
R:X 



Fig. 37-2. Energy relationships for eqs. 
(3) through (7). 


Homolytic dissociation (independently determined): 

(3) R—x ^ R. + X . 


Ionization cleavage: • 

(4) R—x R * 


X- 


+ • 


Radical ionization (from eqs. 3 and 4): 

(5) R- ^ R * + 
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Radical ionization: 

(6) X- + e" — XT 

Heterolytic dissociation Ifrom eqs. 4 and 6 or 3. 5, and 6): 

(7) R-x - R + + X- 

37-4 HIGH RESOLUTION MASS SPECTROSCOPY 

In the early 1960 s, high resolution mass spectrometers became avail¬ 
able to organic chemists. These are capable of determining masses of 
ionic fragments to three decimal places. In an ordinary mass spectrom¬ 
eter, for example, C 2 H 4 (mass 28.040), N 2 (mass 28.015), and CO (mass 
28.003) all appear at the same position, that is, their peaks are not re¬ 
solved. In a high resolution instrument, these are resolved. In this way, 
but of course with larger fragments, it is now possible to determine the 
carbon, hydrogen, oxygen, nitrogen analysis of fragments of molecules 
(other elements may also be included), and whole structures of complex 
organic molecules may often be deduced from such data. 
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p 'wuiun sJ 


I. |n mass spectra of alkanes, masses of 29 (propanes and higher), 43 (butanes 
and higher). 57 (hexanes and higher). 71 (heptanes) etc. are generally among the 
more abundant masses. Explain by outlines such as (I) and (2) why masses 57, 

~ 9 Sh ° U,d bc abundant in spectra of hexane and 2.2-dimethylbutane. 

- Masses 57 and 29 are anomalously low in the mass spectrum of 2.3-dimethyl- 
butane. Show w hat this means regarding the cleavages of this molecule. 



UNIT 



Topics of Special Interest 



Carbohydrates 



38-1 CARBOHYDRATES 

A carbohydrate is a polyhydroxy carbonyl compound, a compound 
which produces such a material on hydrolysis, or a closely related deriva¬ 
tive. The usual type formula for a carbohydrate is C„(H 2 0) m , whence 
the name. However, there are exceptions to this formula, notably deoxy 
sugars. 


A. Classification 

Carbohydrates are categorized according to the number of separate 
carbon chains per molecule. Th.e simplest are monosaccharides , in which 
one continuous chain of carbon atoms makes up the backbone of the 
molecule. Disaccharides yield two monosaccharide units per molecule 
upon hydrolysis. The two carbon chains are linked through an oxygen 
atom. Oligosaccharides are those carbohydrates constituted ol two to six 
monosaccharide units. This term thus includes disaccharides, trisac¬ 


charides, etc., to hexasaccaridcs. Monosaccarides, disaccharides, and 
lower oligosaccharides are often termed sugars. 


Polysaccharides are those carbohydrates which, upon hydrolysis, yield 
a large number of monosaccharide or disaccharide units per molecule. 


B. Monosaccharides 

(1) Classification. Two factors are embodied in the classification of 
monosaccharides: the number of carbon atoms in the chain and the type 
of carbonyl function. Prefixes tri, letra, etc., are used to designate the 
number of carbon atoms per molecule. The suffix, -ose, is a general desig¬ 
nation of a carbohydrate. A triose, for example, is a monosaccharide 
containing three carbon atoms in the molecule. Hexoses and pentoses are 
the most common naturally occurring monosaccharides. 

Aldoses are monosaccharides with terminal carbonyl functions; ketoses, 
those with keto groups. The two classifications are combined in such 
terms as aldopentoses and ketotriose. 

(2) Physical Properties. Monosaccharides are crystalline solids, which 
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ordinarily decompose at or slightly above their melting points. They are 
highly soluble in water, but virtually insoluble in organic solvents. Many 
sugars are difficult to isolate and purify because of their tendency to form 
syrupy, supersaturated solutions. These are properties of highly polar, 
hydrophilic compounds. 

With the exception of the ketotriose, monosaccharides contain asym¬ 
metric carbon atoms, hence are optically active. 

(3) Chemical Properties. Glucose as a Typical Monosaccharide. In con¬ 
sidering simple sugars, or monosaccharides, it is useful to discuss glucose 
as a typical representative. It has the formula C 6 H, 2 0 6 . The fact that it 
may be isolated from the acid-catalyzed hydrolysis of starch suggests that 
the carbon atoms in glucose are attached to each other by carbon-carbon 
bonds rather than by more labile ether bonds (although the existence of 
the latter in addition to the carbon-carbon bonds is not excluded). 

Quantitative acetylation of glucose (or equivalent benzoylation) sug¬ 
gests (eq. 1) that there are five hydroxy groups per molecule. 

• 

No^OCOCH 3 

(1) C 6 H 7 0(OH) 5 + 5(CH 3 C0) 2 0 -•* 

C 6 H 7 0(0C0CH 3 ) 5 + 5CH 3 C0 2 H 

Treatment of glucose with anhydrous methanol in the presence of hy¬ 
drogen chloride replaces one hydroxy group with a methoxy group. This 
replacement is readily reversed with dilute aqueous acid, so that the 
product may be assumed to be an acetal (eq. 2). 

(2) C 6 H,,Oj(OH) + CH 3 OH JL C 6 H n 0 5 (0CH 3 ) + h 2 o 

All of the hydroxy groups in the sugar molecule can be methylated by 
treatment with methyl iodide and silver hydroxide or with methyl sulfate 
and sodium hydroxide. Of the methyl groups, one, the acetal methyl, is 
readily removed by hydrolysis. The others are not, hence are ether link¬ 
ages. 

CH 2 OH 


C +5 CH 3 I + 5 AgOH —• 

I / 'oh 

c 

I 

I 

OH 

glucose 


( 3 ) 


H 


HO 


H 

OH 

I 

C 


H 
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CH 2 OCH 3 


H /T 

\/ H 


H 


ch 3 cA? CH ’ lA 

c—c 


5 Agl 


OCH 3 


5H,0 


H 


OCH 3 


pentomethylglucose 


(4) 


H 


CHjOCHj 


C 

I 

H 


J \ och 3 h 
ch 3 o \ 1 

c-c 


•> / 

c 


H 



+ HjO - 


H 


H 


\ 


CH 2 OCH 3 


o 


H 


H 


/ 


och 3 


/ \ och 3 h 

ch 3 o 


\ 


+ ch 3 oh 


OH 


H 


och 3 


H 


OCH 


tetromethylglucosc 


These results show that four of the five hydroxy groups arc alcohol 

groups, while one is a hemiacctal group. 

The presence of a carbonyl group (or its equivalent) in glucose is 
demonstrable by treatment with hydroxylamine. The anticipated oxime is 
produced. However, treatment ol a monosaccharide with phenvlhydra- 
zine produces an osazone, a reaction similar to that observed wiih ben¬ 
zoin (§18-4C). Oxidation occurs only at the hydroxy group adjacent to the 
original carbonyl group, so that a phenylosazonc results (eq. 5). 

CH=0 

I 

H — C — OH 

(5) HO—C —H 4- 3C 6 Hj—NH— NH 2 

H —C—OH 

I 

H —C —OH 

I 

ch 2 oh 

glucose 
(free aldehyde 
form) 

+ C 6 HjNH 2 + NH 3 + 2 HjO 


CH —N NH C 6 H s 

I 

C = N — NH — C 6 Hj 

I 

HO —C —H 

I 

H —C —OH 

I 

H —C —OH 

CH 2 OH 

glucose 

phenylosazone 
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Both aldoses and ketoses are readily oxidized by Fehling’s solution and 
Benedict’s reagent. These reagents are important for the determination of 
free or available carbonyl groups. Both consist of alkaline complexes of 
cupric ion. Fehling’s solution is a mixture of tartratocupric ion and 
sodium hydroxide. Benedict’s reagent is a mixture of citratocupric ion 
and sodium carbonate. These reagents are reduced to cuprous oxide by 
a-hydroxyaldehydes and a-hydroxyketones. A positive test is indicated 
by complete disappearance of color from the solution and the formation 
of a coral to red-brown precipitate. 


H CO, 

\ 

COO O—CH 

\ /\ 

HC—O-Cu ---OCH 

\ / \ / 


© 


/ 


H 


/ 


HC—O—H OCO 


CO,° 


one possible representation 
of tortrotocupric complex 


Bromine and dilute nitric acid are reagents useful for oxidation of alde¬ 
hyde groups of aldoses. The products (eq. 6) are termed aldonic acids. 
Oxidation of an aldose with boiling concentrated nitric acid attacks both 
the aldehyde group and the primary alcohol group (eq. 7) to give a di- 
carboxylic acid formerly called a saccharic acid, but now given the 
generic name glycaric acid. The aldehydic acids produced by oxidation 
of the primary alcohol group are called glvcuronic acids. This oxidation 
involves procedures where the other groups susceptible to oxidation are 
suitably protected and then the protecting substituents are removed later. 


( 6 ) 

RCHO + 

Br 2 + HjO 

— RCOjH + 

2 HBr 

(7) 

HOCH 2 (CHOH)„CHO + 

6 HNO 3 -* 



H0C0(CH0H) n C0 2 H + 

6 NO, + 4 H 2 0 


( 8 ) 

co 2 h 

C0 2 H 

CHO 

1 

— (CHOH ) 4 — - 

CHO 

1 


(CHOH ) 4 

— (CHOH ) 4 

1 

- — (CHOH ) 4 


co 2 h 

ch 2 oh 

ch 2 oh 

co 2 h 


saccharic 

(glucaric) 

acid 

gluconic 

acid 

glucose 

glucuronic 

acid 


Like simpler aldehydes and ketones, monosaccharides react with hydro¬ 
gen cyanide to form cyanohydrins. This fact provides a tool effectual in 
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the structural analysis of monosaccharides, as well as a means of syn¬ 
thesis of aldoses of one more carbon atom per molecule than the original 

aldose. 

(4) Interconversions. Heinrich Kiliani was the first to apply cyanohydrin 
formation to the synthesis of higher aldoses. The reactions of his method 
(Kiliani synthesis) are summarized in outline (9). The new asymmetric 
center marked with an asterisk makes possible two product diastereoiso- 
mers, which are formed in unequal amounts and differ in configuration at 
at only one carbon atom (the 2-position). These are called epimers. 



CHO 

l 

HO 

— CH—CN 

(CHOH) 4 + 

HCN — 

(CHOH) 4 

CH 7 OH 


ch 7 oh 

glucose 

o 

II 

-n 

1 

O 

J 


CHO 

1 

*CHOH 

| 

Na(Hg) 

» rii f \ ii 

* 

CHCJM 

dil. H 7 S0 4 

1 

CHOH 

1 

CH 

1 


(CHOH) 4 

ch 7 oh 

CHOH 

i 

i 

CH 7 OH 


2 epimeric 

1 


oldoheptoses 


hci 

h 7 o 


Vigorous reduction of the seven-carbon lactone (I) with hydriodic acid 
results in the formation of heptanoic acid (eq. 10). T his demonstrates the 
straight-chain nature of the carbon skeleton ol glucose, as well as its alde- 
hydo (as opposed to keto) structure. 


HI 

(10) |-► CH 3 CH 7 CH 7 CH 7 CH 7 CH 7 C0 7 H 

A 

heptanoic acid 

Degradation of aldoses to aldoses with one less carbon atom can be 
accomplished by either ol two methods. In one, the Wohl degradation, the 
aldose is treated, in effect, in retrograde order of the Kiliani synthesis. 
The method is summarized in outline (II). 1 he second method is the RuJJ 
degradation (outline 12). 


CHO 

1 

ch=noh 

1 

CHOH + NH 7 OH 

— CHOH 

(CHOH). 

(CHOH). 

CH 7 OH 

CH 7 OH 


(CH 3 C0) 7 0 
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( 12 ) 


CN 


CHO 

runrnru _ 

,A9(NH3)/ 

VI ivw 

1 

V-. »3 

2. H,0, H + ( f OH) " 

(CHOCOCH 3 )„ 

CHjOH 

ch 2 ococh 3 


CHO 


co 2 h 

CHOH 

+ Br 2 

+ H 2 0 — CHOH 

(CHOH)„ 


(CHOH)„ 

CHjOH 


CH 2 OH 

co 2 ' 

| Ca 2 + 


1 

CHOH 

(CHOH)„ 

CHjOH 

H 2 0 2 + Fe 2 (S0 4 ) 3 


► 


Co(OH) 2 


CHO 

(CHOH)„ 

CHjOH 


+ co. 


Conversion of an aldose to a 2-ketose involves formation of the 1,2-di¬ 
carbonyl compound, either by osazone synthesis and hydrolysis or by oxi¬ 
dation of the 2-hydroxy group with hydrogen peroxide and ferric 

sulfate. The aldehyde group can be reduced preferentially with powdered 
zinc and acetic acid. 

The reverse, conversion of a ketose to an aldose, is more equivocal 
The first step is reduction of the ketose to the two corresponding stereo- 
isomenc polyols. Hither of the two primary alcohol groups of a molecule 
o each polyol is then oxidized to yield a lactone mixture. The lactones 
are then reduced to aldoses. Either the mixture of intermediate lactones 
or that of final aldoses must be separated by fractional crystallization. 


CHjOH 

CHjOH 

CH 2 OH 



C=r O (H) 

H-C —OH + 

HO—C —H HN0 3 

\ 

1 

(CHOH) n 

(CHOH) n 

| 

(CHOH) n 



CHjOH 

CHjOH 

1 

CHjOH 



O 

1 

o — 

O 

O 

-r> 

I 

O 

CH 2 OH 


CH 2 OH 

H — C — OH \ 

+ HO —C —H 

| 

\ + H-C-O + 

0 

»—C — H 

(CHOH)„ ,J 

(CHOH)„ 

CH-' 

CHjOH 

) \ 



CH_ J 

1 

/ \ 
(CHOH) n \ 


1 (CHOH)„ 

CHjOH 

I 

o-c N J 


W=o 


possible scporat.on here 
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Na(Hg) 
dil. HjSOT 


CHO 

I 

(CHOH),*, 

CHjOH 


mixture of aldoses 
(if not from isolated 
lactone) 


Conversion of an aldose to its epimer at C 2 is readily accomplished. 
In practice, epimerization depends upon formation of an equilibrium be¬ 
tween the two epimeric aldonic acids in boiling pyridine. Consequently, 
the same equilibrium results by starting with either epimer (see outline 14). 


(U) 


CHO 

(O) 

COjH 

—C—OH 

(CHOH)„ 

r 

O 

J 1 
u- 

li 

O 

£ i 

- , 

H —C —OH 

1 

HjO (CHOH)„ 

\ CHjOH 

CHjOH 

1 ' 

H —C—OH 


'I 


CHO 
HO —C —H 


(O) 


(CHOH)„ o = c — o 

CHjOH HO~ 



-H,0 


boiling 

pyridine 


co 2 h 
HO— C H 

1 

(CHOH). 

I 

CHjOH 


Another method of epimerization introduces the ketose into the equilib¬ 
rium. Treatment with dilute alkali operates through enediol forms to give 
the equilibrium mixture shown in outline (15). 

(5) Further Structural Details of the Glucose Molecule. The data given thus 
lar are readily accommodated by the idea that glucose is a mixture ol 
tautomers involving equilibrium between Tree hydroxyaldehyde (2,3,4,5,6- 
pcntahydroxyhexanal) and one or more internal hcmiacetal torms (eq. 


o>'« - 
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(15) 


CHO 





H 

— C — OH 

i 






1 

(CHOH)„ 

%.OH 

CH — OH 

CH 2 OH 



CH 2 OH 


II 

C —OH 

O 

II 

— <J- 





(CHOH), —° H ~ 

- (CHOH)„ 



CHO 


CH 2 OH 

ch 2 oh 



| 

oh:^ 




HO 

-c—H 

. 











(CHOH)„ 


cis and frans 




CHjOH 





16). Thus certain reactions already described are those of aldehydes, 
while the formation of an acetal (eq. 2) is that of a hemiacetal. 

(16) OH C-O 

H C 

/\ 

H OH 

hydroxyoldehyde Kemiocelol 

Although there must be small amounts of free aldehyde form present, 
the principal substances in a solution of glucose are the hemiacetals, and 
we must now inquire into their number and their structures. Experi¬ 
mentally, tw'o hemiacetals, a and (5 , termed anomers, are obtainable by 
special procedures. Thus, when glucose is crystallized from solution at 
room temperature, the a anomer is obtained. It has a specific rotation, 
[«]d = +111° when initially dissolved in water, but the rotation gradually 
falls to [a] D = +52.5°. Crystallization of glucose at about 100° results in 
the 0 anomer, [a:] D = + I9 Q . The rotation of the solution of the /? anomer 
gradually increases to [a],, = +52.5°. This change in rotation with time, 
which is catalyzed by both acids and bases, is called muiarotation and is 
caused by conversion of either anomer to an equilibrium mixture of the 
two containing 63° 0 of (3 and 37“ u of a anomer. 

The mutarotation of glucose and the existence of two crystalline forms 
are accountable on the basis of the formation of cyclic hemiacetals (out¬ 
line 17) w ith introduction of an additional asymmetric center at carbon 1. 
We have noted many times before that both five- and six-membered rings 
are readily formed, and therefore sugar chemists had to undertake a study 
of the ring size in sugars. W'. N. Haworth shared the 1937 Nobel prize 
for work in this area. 
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(17) 


OH 

1 

H—C—0\ 

1 > 
(CHOH)j 

OH 

or H—C—O— 

(CHOH) 2 

CH- ^ 

CH- 

j 

ch 2 oh 

CHOH 

1 


CHjOH 

6-membered 

5-membered 


ring 


ring 


CH=0 

I 

(CHOH) 4 — 

ch 2 oh 


aldehyde 

form 


H 


HO—C 

I 


(CHOH) 


CH 



CH 2 OH 


or 


H 


HO—C —O. 

I \ 

(choh) 2 J 


CH 


CHOH 

ch 2 oh 


To ascertain the structure of the cyclic form of glucose, the molecular 
configuration must be secured so that the molecule cannot change struc¬ 
ture during a chemical reaction utilized for analysis. This apparently is 
achieved 1 by complete mcthylation of glucose with methyl sulfate and 



OH 

OCHj 


H — C — O v 

(CH 3 ) 2 so 4 h— c—o—^ 

___1 \ 

h 2 o 

♦ 

(CHOH) 3 

1 / 

NoOH (CHOCHj)j J 

1 / 

H 4 

CH- 

CH- 

1 

CH 2 OCH 3 


| 

CH 2 OH 


glucose 

penlomelhylglucove 


OH 



| 

H —C—O—^ 

CHO 

COjH 

1 

(CHOCHj) 

1 

(CHOCH,)j 

\ 1 HNOi 

J «=* (CHOCHj)j-* 

CH-- 

/ 

CHOH 

COjH 


CH 2 OCHj CHjOCHj 

tetromethylglucoie trimethouygMonc 

o<id 


The assumption is made that the reagent reacts more or less equally rapidly with all ol 
the equilibrium species, and thus docs not appreciably affect the analysis. 
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sodium hydroxide. Hydrolysis of pentamethylglucose in acid then frees 
the aldehyde group and also the hydrpxy group involved in the acetal 
linkage. Oxidation of the tetramethylglucose occurs at the aldehyde 
group and the free hydroxy group. Upon oxidation the tetramethylglu¬ 
cose forms a trimethoxyglutaric acid. These reactions are summarized in 
outline (18). Those sugars or sugar derivatives having a five-membered 
ring lead to dimethoxysuccinic acids by the Haworth procedure. Since the 
six-membered ring is structurally related to pyran, a six-membered acetal 
ring in a sugar is called a pyranose ring. A five-membered ring is called a 
furanose ring because of its relationship to furan. 



■>-pyran furan 


Structural analysis of the other aldoses and the ketoses follows a pattern 
much like that outlined for glucose. 

(6) Cyclic Formulas for Monosaccharides. After his monumental work 
determining the relative configurations of the aldohexoses and aldopen- 
toses (described in the next section), Emil Fischer devised a projection 
formulation to represent the open (aldehydo) forms of these monosac¬ 
charides. In the Fischer projection, the carbon chain is represented 
vertically and the bonds from each carbon atom to its neighboring carbon 
atoms are thought of a lying behind the carbon atom under consideration. 
The hydrogen atoms and hydroxy groups are considered to project up in 
front of the carbon atom to which they are attached. Thus, the con¬ 
figurational formula, II, represents a molecule in which all hydroxy 
groups are on the right side and all hydrogen atoms on the left side and 
the middle of the carbon chain loops up toward the observer. III. The 
top carbon atom is the 1-posilion. 


CHO 

H- c- OH 

! 

H C— OH 

! 

H- C OH 
CH 2 OH 




Although the Fischer projection serves well enough for the open forms 
ol lhe mor| osacchandes, it is awkward when used to represent cyclic 
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forms, such as IV. The long, bent “bond” between the oxygen atom and 
one of the carbon atoms does not represent the situation well; hence its 
use is misleading in a formula purporting to be a spatial representation 
of a molecule. To correct this, Haworth devised modified projection 
formulas which represent carbohydrates in conventionalized cyclic forms. 
The ring oxygen is usually placed at the upper right, with the carbon 
atoms placed in clockwise order of numbering after the oxygen atom. 
Hydroxy groups placed to the right in Fischer projections point down¬ 
ward in Haworth projections; those to the left in Fischer projections point 
upward in Haworth projections. Formulas below show Fischer and Ha¬ 
worth projections of a-D-fructofuranose and of the anomeric ^-D-fructo- 
furanose. 



rt D-f rue tofu fo nose 


Fiiche Howorth 

projection project.on 


CH 2 OH 


CH ? OH 


HO —C 
HO - C 


C 

/A 


H —C—OH 


HO 


OH 


CHjOH 


OH 


H — C 


CHjOH 


Fucher 

projection 


d D-fructoforonoie 


Howorth 

projection 


In oligosaccharides and polysaccharides the virtues of the Haworth 
projections are even more striking, since the links between units, as well 
as the ring oxygens, must be distorted in Fischer projections, whereas 

Haworth projections cope well with this feature. 

Sometimes the Haworth projection is inverted or reversed so as to avoid 
other obstacles to clear formulation. The projection is a picture ol the 
ring with the top always farthest from the viewer. Compare the formulas 
for 0-D-Iruclofuranose below with that given above. 
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H 

V 

■*c 


HO / 

w 

C H 

\l 

sc 


/ 


OH 


OH 

2V 

/ \ 

/ CHjOH 
\ 1 


6 CH 2 OH 


nverted 



OH 



3 c 


H \ H 

oh \y 

C 


«CHt. 


\ 


OH 


H 


rotated 


Still more realistic conformational formulas are often used in the con¬ 
sideration of spatial influences on reactivities of equilibrium positions. 
Compare the Haworth projection of cv-D-glucopyranose and the con¬ 
formational formula below. 



Haworth projection 


a preferred conformation 


cr-D-glucopyranose 

(7) Optical Configurations of Aldoses. As late as 1885, although the 
tetrahedral theory of carbon valences required sixteen isomeric aldo- 
hexoses and eight aldopentoses, and although'several of the required 
isomers were recognized, the configurations of the monosaccharides re¬ 
mained unknown. It was the great structural chemist, Emil Fischer, who, 
basing much of his work on studies by Kiliani, Wohl, and Ruff, solved 
the problem. He required ten years to decipher the relative configura¬ 
tions, but this work served as one of the most elegant examples of the use 
of classical methods in structural and configurational analysis. For this 
and for his determination of structures of the purines (cyclic nitrogenous 
bases), Fischer received the Nobel Prize in 1902. 

Fischer’s analysis is too involved to give in chronological detail; instead 
only the general outline of the principles he used is considered. 

The point of departure is the establishment of epimeric relationships 
and relationships among the aldoses via Kiliani’s synthesis and the Wohl 
and Ruff degradations. These relationships are given in Table 38-1. 
Corresponding to the epimeric and series relationships are the configura¬ 
tional relationships of the aldoses shown in Fig. 38-1. In this figure, the 
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TABLE 38-1. Kiliani Synthesis Series 


Triose 


Telroses 


D-GIyceraldehyde 


D-threose 


L 


-erythrose 


Pentoses 




D-lyxose 


D-xylose 


D-arabinose 


D-ribose 


Hcxoses 






D-galaclose 

D-talose 

D-idose 

D-gulose 

D-glucose 

D-mannose 

D-allo$e 

o-altrose 



Fig. 38-1. Configurational Relationships ol Aldoses. 


molecular configurations are indicated by abbreviated Fischer projections, 
using triangles to represent aldehyde groups, circles to represent primary 
alcohol groups, and dashes along the chain to represent the orientation o 
hydroxy groups relative to the backbone of the molecule, w hie is t e 
vertical line connecting the circle and triangle. Since the optically opp' 
site series of enantiomorphs bear exactly the same relationships wit m a 
series, but in mirror image position, the configurational relations ups < 
only one series need be considered. The P-series aldoses are those dis¬ 
cussed in the analysis. These are the aldoses that can be built up Irom 
D-glyceraldchyde by successive Kiliani syntheses and. therefore, have the 
lowest asymmetric carbon in the Fischer convention attached to hy roxy 
on the right, hydrogen on the left. 

It should be apparent at first glance that whereas D-glycernlde ly e can 
Reassigned by convention the configuration I in Fig. 3H-1, the relation 
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ships between the other numbered formulas and the aldoses listed in 
Table 38-1 are by no means self-evident. Tetrose 2 might be either 
D-threose or D-erythrose. To ascertain the configurational identity of the 
various aldoses, Fischer resorted to oxidations leading to glycaric (sac¬ 
charic) acids. These yield structurally symmetrical compounds, of which 
a certain number should be meso acids. For example, oxidation of ribose 
and xylose by nitric acid yields optically inactive acids; hence, these two 
aldopentoses must be 4 and 6 (not necessarily in this order). To check 
this, the carboxyl groups can be indicated by another sign, like X, and the 
configuration of the molecule checked for a plane of symmetry (outlines 
19 and 20). 



has plane 
of symmetry 

& HN0 3 

(20) S —^ f 

lacks plane 
of symmetry 

Lyxose and arabinose, which yield optically active glycaric acids, are 
5 and 7 (not necessarily in this order). Talose and galactose are epimers 
derivable from lyxose; glucose and mannose, epimers derivable from 
arabinose. Of these hexoses, only galactose yields a meso glycaric acid; 
hence galactose is 14 and talose 15. Lyxose must be 7; arabinose, 5. 
Xylose, the epimer of lyxose, is 6, and ribose, the epimer of arabinose, is 4. 
Another inactive acid is produced by allose. Hence, allose is 8. Altrose, 
which yields an optically active acid and is the epimer of allose, is 9. 

To establish the configuration of glucose, recourse was made to Kiliani 
syntheses to the aldoheptoses. Oxidation of the two aldoheptoses yields 
one optically active glycaric acid and one meso acid. Consideration of 
lormulas 10 and 11, the epimeric hexoses related to arabinose, shows that 
the substance which produces this result must have the configuration 10. 
(The student should write out and check this for himself.) Hence, glucose 
has the configuration 10. Mannose, the epimer of glucose, which yields 
two optically active heptoglycaric acids, is 11. 

Upon oxidation, glucose gives the glycaric acid specifically named 
D-saccharic acid. Gulose yields the enantiomorph, L-saccharic acid. Since 
D-gulose cannot belong to the i.-series, this means that when the aldehyde 
group and the primary alcohol group lose their identity by transforma¬ 
tion to carboxyl groups, the same result unsues as when L-glucose is oxi¬ 
dized. To see the relationship, one rotates a model of gulose 180° so that 
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its aldehyde group coincides with the primary alcohol group of L-glucose. 
10', and its primary alcohol group coincides with the aldehyde group of 
L-glucose. The formula which fits this description is 12. The remaining 
hexose, idose, is 13. 


Occasionally, one wishes to indicate the direction of optional rotation 
of an optically active material. This is done by placing ( + ) or (-) be¬ 
tween the series indication and the remainder of the name. Thus, D( + )- 
glucose, d( —)-ribose, D( + )-glyceraldehyde, and d( — )-tartaric acid are 

examples. 

(3) Importance of Monosaccharides. D-Glucose occupies a pre-eminent 
position in biochemical reactions and in occurrence in nature, although 
many of # its naturally occuring derivatives have furanoside cyclic structure 
rather than pyranose rings. Its manufacture in plants by photosynthesis 
provides an energy store for all members of both plant and animal king¬ 
doms. Glucose is also the monomeric unit for cellulose, the structural 
framework in woody plants. In combination as glucosides, which are 
acetals formed with alcohols, phenols, and related compounds, glucose is 
present in many types of functional, regulatory, and protective materials 
in plants. Glucose is the sugar found in blood in the largest amount. Its 
importance to life is indicated in the lact that no glucose is excreted until 
a certain threshold concentration is exceeded, as in diabetes, whereupon 
glucose is found in the urine. Other names for glucose are dextrose (Irom 

its optical rotation) and grape sugar. 

Fructose, a ketose, forms the same osa/.one as glucose. Hence, the 
configurations of hydroxy groups on carbon atoms 3 through 5 are the 
same as those on the corresponding positions ol glucose. Since fructose 


CH,OH 

c=o 

I 

HOC-H 

I 

HC —OH 
HC —OH 

I 

ch 7 oh 

D( - ) fructose 


has no other asymmetric centers, this effectively establishes its configura¬ 
tion. Fructose is the sweetest known sugar. It is also called levulose (due 
to its levorotation of plane-polarized light). The anomeric form of fruc¬ 
tose usually isolated is 0-l>-fruclose, («)„ = -133.5°. The equilibrium 
rotation is (a),, = -88.5°. 

Ribose is an important pentose which, although not free in nature, can 



710 CARBOHYDRATES 


be isolated from a variety of biologically active substances. D-Ribose 
units are present in vitamin B 12 , in cellular material called ribonucleic 
acid, RNA, and in several enzymes related to these materials. One type of 
RNA contains the code for specific protein synthesis. In riboflavin (vita¬ 
min B 2 ), the related alcohol, ribitol, is a structural unit. Ribulose, a keto- 
pentose, is related to ribose in the same way fructose is related to glucose. 
Ribulose and ribose participate in the photosynthesis cycle of carbohy¬ 
drates. 2-Deoxyribose (2-deoxy means that the oxygen at C 2 is missing) is 
a constituent in deoxyribonucleic acids, DNA, which carry the genetic 
code. CHjOH 


H C—O oh 

v y 

A h / c \ 

HO CH 2 ' H 




2-deoxyribose 

Xylose and other pentoses occur in polymeric material called hemicellu- 
loses or pentosans, which are constituents in the woody parts of all plants. 
Pentosans obtained from corn cobs or oat hulls are converted indus¬ 
trially in large quantities into furfural (eq. 21) by the action of mineral 
acid on pentosan-containing materials. The product is isolated by steam 
distillation from the remaining decomposition products. Furfural is used 
as a solvent and is an intermediate in the synthesis of a variety of com¬ 
pounds containing the furan ring. 


(21) pentosans 
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furfural 

t.-Ascorbic acid (vitamin C) is the enol form of the ketolactone related 
to L-galactose or t.-talose. The acidity of this compound is due to the enol 
groups, of which the hydroxy on C 3 is stronger due to conjugation with 
the carbonyl group at C 1 . 
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C. Glycosides . 

Carbohydrate derivatives in which the carbonyl group as ° r ™ 
acetal (or ketal) linkage, as in 1 -methylglucose, are called g'^de^The 
portion of a glycoside that is attached by an acetal linkage 
drate and is noncarbohydrate in nature is called an ag ycoru . Als^dassed 
as glycosides are certain esters in which the hem.acetal hydrox' grou *' 

acylated. A vast number of important medicinal drugs, av 8 f ^ 

and natural dyes are found in their plant sources as 8 'y c ° s ' de ( * 

glycosides and their structures are given in Ta e - 

have been determined by hydrolysis to the carbohydrates and the agly 


Name 


Amygdalin 


TABLE 38-2. Some Notur olly Occurring Glycosides 

Formula_ 



Source 


Seeds of peaches, 
plums. 

biuer almonds 



Willo* bark 


Tannic Acid (One 
of several tannins. 
Used in leather 
tanning and as 
mordant for 
basic dyes) 



Tree barksftan 
oak. quebracho) 
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cones and by the usual methods of determination of position of substi¬ 
tution. 

The sugar units in oligosaccharides and polysaccharides are linked to¬ 
gether with glycosidic linkages. 

Simple glycosides are usually named, like 1-methylglucose, by desig¬ 
nating the alcohol radical, position of attachment, and the sugar. Since 
the replacement of hydrogen by a nonlabile group fixes the molecule in a 
definite configuration about the anomeric carbon atom, two optical 
isomers are obtainable, designated by the Greek letters a, with the agly- 
cone trans to C 6 , and /3, with the aglycone cis to C 6 . 


CHjOH 



CH,OH 

CH 3 

H OH 

methyl /3-glucoside 



Systematic nomenclature of glycosides is better illustrated than ex¬ 
plained. Rules for nomenclature of these and other carbohydrate deriva¬ 
tives are given in “Rules for Carbohydrate Nomenclature,” ACS Official 
Report, Chem. Eng. News 31, No. 17, 1776-1783 (April 27, 1953). 

D. Disaccharides 

(1) Physical Properties. Disaccharides are similar in physical properties 
to monosaccharides, since both have the same kind of polar groups. Like 
monosaccharides, disaccharides are asymmetric, hence show optical ac¬ 
tivity. 

(2) Chemical Properties. Like monosaccharides, disaccharides can be 
esterified and alkylated. 

Hydrolysis of completely methylated disaccharides gives evidence of 
their ring structures and points of connection. Outline (22) shows the 
work of Haworth and his associates on maltose. The dilute acid hy¬ 
drolysis occurs only at acetal links. 


122 j 



maltose 
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2.3.4.6-telfomethylglocose 2.3.6-trimethylglucoie 

The isolated polymelhylglucoses were identified as compounds known 
from earlier studies in which their structures had been elucidated by vari¬ 
ous degradations. The tetramelhylglucose could only have been obtained 
from the glycosidic sugar unit. The 2 , 3 , 6 -lrimethylglucose was obtained 
from one unit, which must have been attached by its 4-0-position in the 
glycosidic linkage. This work shows that one of the glucose units in mal¬ 
tose has the hemiacctal structure. As might be anticipated, then, two 
anomers are isolable. The a anomer has («1„ = + 168 ; the (3 anomer has 
[a)„ = +118°, and mutarotation occurs to an equilibrium mixture with 
(a) u = +138.5°. The presence of the aldehyde form is demonstrated by 
ready osazone formation and by the reduction of Benedict s and Fehling s 
solutions. Saccharides of this type are called “reducing sugars. 

(3) Nomenclature. Because of their length and oral clumsiness, syste¬ 
matic names of disaccharides are seldom used (see §38-1C). Since the sys¬ 
tematic nomenclature is closely related to structure and configuration, the 
names are discussed in the paragraphs devoted to the individual com¬ 
pounds. The main utility of the systematic nomenclature of those oligo¬ 
saccharides having trivial names is to emphasize structural and configura¬ 
tional relationships. 

(4) Structure of Sucrose. Hydrolysis of sucrose, C l2 H 22 0,,, by dilute 
hydrochloric acid or by the enzyme invertase (sucrase) gives an equimolar 
mixture of glucose and fructose. Since sucrose is not a reducing sugar, the 
hemiacctal functions of both monosaccharide units must participate in the 
acetal linkage between them. 

Determination of ring structure is accomplished by complete methyla- 
tion, hydrolysis, and identification of the separated glucose and fructose 
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derivatives. Formation of 2,3,4,6-tetramethylglucose shows the glucose 
unit to have a pyranose ring. Isolation of 1,3,4,6-tetramethylfructose 
shows the fructose unit to have a furanose ring. Prior knowledge of the 
stereochemistry of glucose and fructose establishes the relative configura¬ 
tion about seven of the nine asymmetric carbon atoms in sucrose. 

Enzymatic hydrolysis rates suggest an alpha glycosidic linkage at the 
glucose unit and a beta glycosidic linkage at the fructose unit. Sucrose 
is named, therefore, a-D-glucopyranosjdo-/3-D-fructofuranoside, or /3 -d- 
fructofuranosido-a-D-glucopyranoside. Since both monosaccharide units 
are glycosidically linked, the order of naming them is indifferent. 

As sucrose has no heiniacetal or free aldehyde groups, it does not have 
anomeric forms, is not a reducing sugar, and does not form an osazone 
from the intact molecule. The osazone which forms slowly is glucosazone, 
which arises by acid-catalyzed hydrolysis of sucrose to glucose and fruc¬ 
tose, followed by osazone formation. 

(5) Importance of Disaccharides. Sucrose, also called sugar, cane sugar, 
and beet sugar (see also the systematic names above), is found universally 
in the sap and fruit juices of plants. In several, among which the sugar 
maple, sugar beet, and sugar cane are common examples, the concentra¬ 
tion and amount of sucrose available makes possible commercial exploita¬ 
tion. Thus, sucrose is used throughout the world as table sugar. The 


HO 



OH 

CH 2 OH | 

A —O CH 2 O 


OH 


° V -r CHjOH 


OH 


OH 


sucrose 


equivalent mixture (honey) of fructose and glucose is considerably sweeter 
than sucrose (fructose is the sweeter of the two) and industrial users of 
sugar (e.g., bakers, candy-makers) often hydrolyze sucrose to fructose and 
glucose before use. The optical rotation of the solution changes from 
positive to negative during this process, which is thus termed inversion of 
sucrose , and the enzyme used is called invertase. 

Maltose is the disaccharide obtained by careful acid hydrolysis of 
starch, or more satisfactorily, by hydrolysis in the presence of the enzyme 
diastase. This enzyme is obtained from malt, which consists of young 
barley sprouts. 

Maltose is hydrolyzed by the enzyme maltase (a-glucosidase), which 
attacks alpha glucosides in general. This establishes that the glycosidic 
bond has the alpha configuration. Maltose is thus 4-a-D-glucopyranosido- 
D-glucose. 
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Cellobiose is a disaccharide obtained by very careful hydrolysis of 
cellulose. Cellobiose differs from maltose only in that the glycosidic 
linkage is beta. This is established by failure of maltase to hydrolyze 
cellobiose and by efficacy, of emulsin (0-glucosidase) in the hydrolysis. 
Emulsin,obtained from prune seeds, hydrolyzes beta glucosides in general. 


a-cellobiose a-ladose 

Lactose, also called milk sugar, is obtained from milk. Hydrolysis gives 
one mole of glucose and one of galactose. Complete methylation and 
identification of the hydrolysis products of octamethyllactose show lactose 
to be a galactosidoglucose, with the attachment at the 4-position of glu¬ 
cose. Although the glycosidic linkage is beta, emulsin fails to hydrolyze 
lactose, since it is a galactoside, not a glucoside. 

Lactose, having a free hemiacetal group, exists in two anomeric forms, 
gives osazones, and reduces Benedict’s reagent and Fehling’s solutions. 

(6) Other Oligosaccharides. A number of higher oligosaccharides are 
known to occur in nature. The most important of these is raffinose, which 
is widely distributed in plants. Partial hydrolysis of this sugar gives a 
mixture of glucose, galactose, fructose, sucrose, and melibiose. The last 
of these is 6-/3-D-galactopyranosido-D-glucopyranose, an isomer of lac¬ 
tose. Raffinose is not a reducing sugar, hence all the hemiacetal groups of 
the constituent monosaccharides are utilized in the glycosidic linkages. 
Formation of both sucrose and melibiose, which have the glucose unit in 
common, indicates that the order of connection is galactose to glucose to 
fructose. Accordingly, raffinose is 6-/?-D-galactopyranosido-a-D-gluco- 

pyranosido-/S-D-fructofuranose. 

OH 

O 

CH 2 OH 
OH 





roffinov© 


E. Polysacchorides 

(I) Cellulose. Cellulose is an important constituent of woody plants, in 
w ich it serves a structural function. Plants manufacture cellulose from 
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their store of photosynthetic glucose. Wood is cellulose embedded in lig¬ 
nin, a polymeric, phenolic ether-alcohol. Cotton, filter paper, and facial 
tissue are nearly pure forms of cellulose. 

Molecular weight determinations on cellulose give widely varying 
values depending on the source and treatment of the cellulose. There is 
no possibility of a molecular weight determination on native cellulose, 
since the material must be treated in some way to bring it into a dispersed 
form, as well as to separate it from noncellulosic material. As a limiting 
value, however, the average molecular weight of native cellulose is esti¬ 
mated to be at least 650,000. Estimates of molecular weights ten times 
this value have been proposed. After treatment with various agents to 
break wood down into pulp, the cellulose has an average molecular weight 
of about 75,000. 

Prolonged heating of cellulose with acids ultimately evolves' glucose and 
its dehydration products. Cellulose is indigestible to humans, as we have 
no enzyme capable of hydrolyzing it. However, several bacteria do have 
the necessary enzymes, hence can utilize cellulose as a source of metabolic 
carbohydrate. Termites and cattle can utilize cellulose because of sym¬ 
biotic bacteria in their digestive tracts. 

Because of its resistance to hydrolysis, cellulose is readily esterified by 
strong acids. A mixture of concentrated nitric and sulfuric acids reacts 
to give polynitrates of cellulose. There are three free hydroxy groups 
present in each glucose unit in the cellulose molecule, so that, theoret¬ 
ically, a cellulose trinitrate is possible. Because cellulose trinitrate is un¬ 
stable in storage and detonates upon striking, it is not useful commercially. 
A nitrate containing between one and two nitrate groups per glucose unit is 
called pyroxylin. An ether-ethanol solution of this, called collodion , was 
used in the preparation of the first industrially important synthetic plastic, 
celluloid. Because of its high fiammibility, celluloid has been replaced by 
other plastics. Cellulose nitrate with the somewhat higher proportion of 
two to two and one-half nitrate groups per glucose unit is used as an 
explosive for blasting and as a component of smokeless gunpowder. This 
material, olten called nitrocellulose , when plasticized with glyceryl trini¬ 
trate is double base powder , the usual propellant for rifle and cannon 
ammunition. 


Treatment of cellulose with acetic anhydride in the presence of glacial 
acetic acid and a little sulfuric acid or zinc chloride gives acetates w'ith 
one to three acetyl residues per glucose unit. The product is not as uni¬ 
form as the nitrate, since acetic anhydride does not enter the fibrous 
micelle of cellulose as easily as nitric acid does. Hence, the acetate must 
be purified by dissolving in acetone and filtering before it can be fabri¬ 
cated into useful articles. 
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In contrast to the nitrate, cellulose acetate burns only when held in 
contact with a flame. This advantage offsets its somewhat greater expense 
in the manufacture of films for projection, where the intense radiant heat 
is likely to ignite cellulose nitrate. Cellulose acetate can be made into 
many forms by pressing, molding, or extruding. Acetate is used in large 

amounts as a textile fiber. 

Recently, mixed esters of cellulose, such as cellulose acetate butyrate, 
have found special applications because of specific properties such as 
toughness (laminated safety glass) or dielectric strength (electrical in¬ 
sulation). 

Another cellulose ester of commercial importance is cellulose xanthate. 
Treatment of cellulose with a mixture of aqueous sodium hydroxide and 
carbon disulfide gives a viscous aqueous solution of cellulose xanthate, 
called viscose. Acidification of the viscose solution precipitates cellulose 
that is only physically different from the original material (outline 23). 
Extrusion of viscose through spinnerets into an acid solution gives ravon, 
while extrusion as a film gives cellophane. 


(23) 




OH 


Like monosaccharides and oligosaccharides, cellulose can be methyl¬ 
ated by treatment with methyl sulfate and sodium hydroxide. The 
product, methyl cellulose , forms emulsoids with water and is useful as an 
emulsifier, sizing agent, and thickener. Ethyl cellulose is also prepared 
commercially. 

The most interesting cellulose ether, from the commercial viewpoint, is 
sodium carboxymeihyl cellulose, also called cellulose gum. This ether is 
prepared by treating alkali cellulose with sodium chloroacetale (eqs. 24 
and 25). Cellulose gum has outstanding hydrophilic and gel-forming quali- 
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ties; only a small per cent in water is sufficient to form a rubbery, tough, 
adhesive gel. Commercial uses include laundry sizing agent (replacing 
starch), adhesives, detergent promoter, suspending agent (e.g., in oil drill¬ 
ing muds), soil conditioner, and ceramic glaze binder. 



Because of its semicrystalline state, cellulose was the first polysaccharide 
to yield fruitful results in structural studies. Hydrolysis of cellulose to 
glucose and cellobiose indicates its structural constituents and stereo¬ 
chemical arrangement. Use of x-ray diffraction shows a crystallite struc¬ 
ture with slightly overlapped fiber bundles. Between bundles are some¬ 
what disarranged, amorphous regions (Fig. 38-2). Cellulose molecules are 

a 

/ 


/ 



Fig. 38-2. Fibrous structure of cellulose, (a) Amorphous region, 
(c) Crystalline region. 
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long, continuous chains of glucose units, without branching or cross- 
linking other than hydrogen bonding. The beta glycosidic linkages allow 
the units to lie out straight, giving maximum contact between contiguous 
chains. 

(2) Starch. Starch is the form in which nearly all plants store carbo¬ 
hydrate for metabolic use by the plant embryo in seeds and for the natural 
hibernation or drought periods. In animals, a similar material called 
glycogen is stored in liver and muscles. Although starch from widely 
distributed plant sources is chemically similar, starch should be considered 
not as a compound, but as a class of compounds, since the molecular 
arrangement, molecular weight, and granular form vary with the source. 

Even starch from a single source is inhomogeneous. Native starches can 
be separated into two fractions by boiling the starch in aqueous butanol 
and allowing the suspension to cool. The precipitated portion is termed 
amylose or insoluble starch fraction. The suspended portion is called 
amylopectin or soluble starch fraction. 

Amylose ranges in molecular weight from 10,000 to 100,000. Its solu¬ 
bility in water varies considerably with its past history from more soluble 
than amylopectin to considerably less soluble. Amylopectin has molecu¬ 
lar weights in the range from 50,000 to 6,000,000. Its concentrated sus¬ 
pensions in water are gels. Both forms of starch are optically active with 
specific rotations between + 160° and +220°. 

Whole starch and both starch fractions are swelled to several limes 
their dry volume upon soaking in water. This indicates that hydrogen 
bonding forces between starch molecules are much weaker than those be¬ 
tween cellulose molecules. 

Chemical properties of starch are similar to those of cellulose, except 
that starch is much more easily hydrolyzed by acid solutions. Degrada¬ 
tion of starch is thus significant during esterification. 

Treatment of starch with methyl sulfate and alkali gives completely 
methylated starch, a material important to the structural analysis of 
starch. 

The use of starch as an indicator for free iodine, or of iodine as an in¬ 
dicator for starch, is one of the more familiar of the chemical reactions of 
starch. The intensely blue-black complex is a clathrale , or cage-like com¬ 
plex between iodine and amylose. Diffraction studies have confirmed that 
iodine molecules are enfolded in helical coils of the starch chain. Pure 
amylopectin gives no blue color with iodine, but does give a weak red to 
purple color. 

Starch can be fermented biologically in a variety of ways to give useful 
commercial products. Besides ethanol and the accompanying amyl alco¬ 
hols, different organisms produce butyric acid, butyl alcohol, and acetone. 
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Because of the more heterogeneous and more complex nature of starch, 
analysis of its structure was achieved much later than that of cellulose. 
The formation of tough films by acetates and nitrates of amylose sug¬ 
gested cellulose-like linearity of the chains. Further confirmation of 
this is the complete conversion of amylose to maltose by /3-amylase and 
the formation of trimethylglucose, with but a trace of tetramethylglucose, 
by hydrolysis of completely methylated starch. The formation of maltose 
and the structure of the trimethylglucose indicate *that insoluble starch 
has glycosidic linkages on the 4-positions of the glucose units. Complete 
hydrolysis of amylose to glucose by a-glucosidase (maltase) shows the 
glycosidic bonds all to be alpha. 

Amylopectin and glycogen are quite similar in properties and struc¬ 
ture. Their acetates and nitrates form only brittle masses upon compact¬ 
ing or powders upon attempted extrusion into sheets or fibers. These 
properties suggest nonlinearity. 

Only about half of the glucose units are degraded from amylopectin 
by /3-amylase. The molecular residues form a substance called dextrin-I. 
oGlucosidase then attacks the next 9% of the glucose units, based on 
original material, to give dextrin-II. This is again attacked by /3-amylase 
to degrade another 16% of the glucose units, giving dextrin-IIl. This 
behavior shows irregularities along the starch chains which can only be 
explained by chain branching. In confirmation, hydrolysis of completely 
methylated soluble starch fraction gives about 5 mole % of 2,3,4,6- 
tetramethylglucose, 5 mole % of 2,3-dimethylglucose and a balance of 
about 90 mole % of 2,3,6-trimethylglucose. 

Such evidence indicates that soluble starch and glycogen have branch¬ 
ing structures with 25-28 glucose units per branch in starch, 12-18 in 
glycogen. That the structure has tree-like multiple branching is shown 
by the fact that /3-amylase does not complete the degradation after a-glu- 
cosidase removes the first branch stumps. The proposed structure for 
amylopectin is given in Fig. 38-3. Each small ellipse in the figure repre¬ 
sents a glucose unit. As in amylose, most of the glycosidic linkages are 
attached to the 4-position of adjacent glucose units, but at the branch 
points, glycosidic linkages are also on the 6-position. Presence of a trace 
of 3,6-dimethylglucose in the methylamylopectin hydrolyzate may mean 
that a few of the branches have attachments at the 2-position. 

Dextrins are partly hydrolyzed starches. Besides those dextrins pro¬ 
duced by selective enzyme action, some are produced by incomplete acid 
hydrolysis, others by autoclaving starch with water. A dextrin solution 
prepared by the last method is used as the adhesive mucilage. 

(3) Other Higher Carbohydrates. The structural foundations of green 
leaves, pods, stems, and pithy parts of plants are similar to cellulose, but 
are much more easily hydrolyzed by acids. Furthermore, some of this 
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Dextrin-1 


Fig. 38-3. Schematic Representation of Amylopeclin Molecule. ., 

limit of initial degradation by /3-amylase and boundary of dextrin*I; 

., limit of second degradation by /3-amylase, and boundary of dex- 

trin-III; (represents limit of degradation of o-glucosidase to give dextrin- 
II. R, a terminal reducing group. 


structural material contains pentose units instead of hexose units. These 
materials are known as hemicelluloses. Depending on the type of mono¬ 
saccharide produced upon hydrolysis, the hemicelluloses are termed pen¬ 
tosans or hexosans. 

Pectins are polysaccharides present in green fruits and fruit peelings. 
These are made up of a-galacturonic acid units with smaller amounts of 
galactose and arabinose. Pectin methyl esters (commercial pectin) form 
stiff gels with solutions containing sucrose and fruit acids. 



OH 



H 


golocturonic ocid unit 
portion of pectin 


Agars used as media for bacterial growth are polysaccharides obtained 
from seaweeds. One of these, agar agar, is a galactan. 
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Chitin is the organic constituent of the hard covering of insects and 
Crustacea. This polysaccharide is hydrolyzed to 2-glucosamine and acetic 
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2-glucosamine 

acid. Other biological materials containing glucosamine units are the 
mucin of saliva and the mucoids of connective tissue. Glucosamine is 
also present in hyaluronic acid, a constituent of vitreous humor (interior 
of the eye) and synovial fluid (joint and muscular lubricant). 


38-2 METABOLISM OF CARBOHYDRATES 
A. Digestion and Utilization 

Digestion of starch, glycogen, and disaccharides involves the hydroly¬ 
sis of the a-glucosidic linkages of these materials to form monosac¬ 
charides, of which glucose is the most important. ^-Glucosidic carbo¬ 
hydrates, such as cellulose, remain indigestible to vertebrates. After 
digestion, the monosaccharides are absorbed into the blood stream and 
carried to the cells where they are to be used. 

Since liver tissues have the ability to in’erconvert galactose, glucose, 
and fructose, and perhaps other hexoses, the problem of the storage and 
utilization of these energy sources can be considered a problem of the 
utilization of glucose. 

Carbon dioxide and water are the biological oxidation products of glu¬ 
cose under normal quiescent conditions. During vigorous exercise, when 
more glucose is degraded than can be oxidized by the oxygen stored in the 
cells, lactic acid is the end product. The metabolism of glucose is a com¬ 
plex process involving well over a score of separate reactions, each cat¬ 
alyzed by a different enzyme. Outline (26) gives the course for the de¬ 
gradation of glucose to pyruvic acid. This series of reactions, called the 
glycolytic sequence, precedes the formation of lactic acid or of products 
leading to carbon dioxide in vertebrates, ethanol in yeast, and many 
other fermentation products. 

The glycolytic sequence from glucose synthesizes 2 moles of adenosine 
triphosphate, the immediate energizing agent for muscular contractions 
and many other biological processes. 

Reduction of pyruvic acid to lactic acid serves as a means of regenerat¬ 
ing diphosphopyridine nucleotide (coenzyme-I) for the oxidation of di- 
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1,3-diphospho 
glyceric acid 


2 ADP 
2 ATP 

© 


o 

II 

COH 

2 CHOH 

CHjOPOjHj 
3-phosphoglyceric ocid 


© 


O 

II 

c —OH 

2 COPOjH, 

II 

CH, 

2-phosphoenolpyruvic acid 


2 ADP 
2AT P 

© 


C —OH 

I 


O 

II 

c— OH 


2 C —OH 2 C=0 

II 02) | 

CH, - CH, 

onolpyruvic acid pyruvic ocid 


* ATP is adenosine triphosphate, a cocnzymc. The net synthesis of 2 moles (starting with 
glucose) of this from ADP. adenosine diphosphate, is the biological purpose of the glycolytic 
sequence. DPN + is diphosphopyridine nucleotide or coenzymc-l. an oxidizing cocnzymc 

DPNH is reduced form. (See §39-3 and §39-3B.) 
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phosphoglyceraldehyde to diphosphoglyceric acid (step 7) when cyto¬ 
plasm is depleted of oxygen. 

Outline (27) shows the path by which pyruvic acid is oxidized ulti¬ 
mately to carbon dioxide and water. This is the Krebs (Nobel laureate, 
1953) citric acid cycle, the disclosure of which in 1937 ranks along with 
Fischer's carbohydrate studies and Ehrlich’s discovery of chemotherapy 
as one of the outstanding contributions to the field of biochemistry. 

(27) 


Co-A** CH 3 -C-C-OH CHjC-Co-A + C0 2 

6 6 © 6 — 

pyruvic acid ? ? 

oxalylacetic acid 0=C-C-0H^ 


CH 2 -C-0H citric acid 



CH 2 -C-OH HO-C-C-OH 


DPN 


II 

0 



mal ic 


0 

CH 2 - C-OH 


0 

CH 2 -C-0H 

II 
0 



ocid HO-CH-C-OH 

II 

O 



o 

CH-C-OH 

0 c/s -aconitic 
C —C-OH acid 
CH 2 -C-OH 

II 

O 


© 


HC-C-OH fumaric 
HO-C-CH acid 

li 

0 


isocitric 

acid 



Fe 34 cyt 


0 


* * 


HO-CH-C-OH 

I 9 

CH-C-OH 

CH 2 -C-0H 

M 

0 


* * 


rr , , CH 2 -C-OH succinic 
CU? + 1 


CH 2 -C-OH acid 


ww 

0 


© 


DPN 



11 


0 = C-C-OH 
CH 2 



+ co 2 


CH 2 -C-OH 

(I 

0 

cr- ketoglutaric 
acid 


CD J^TPN 9 

0= C-C-OH 

0 oxalylsuccinic 
CH-COH acid 
CH 2 -C0H 

II 

O 


**CoA is coenzyme A 
cylochrome (see §39-3B). 


TPN + is triphosphopyridine nucleotide. 


Fc 3+ cyt is ferric 
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B. Photosynthesis 

Perhaps the one common characteristic of all green plants is their 
utilization of chlorophyll to convert energy from sunlight for the synthesis 
of carbohydrates from carbon dioxide and water. All members of the ani¬ 
mal kingdom are dependent on this plant source of metabolic energy. The 
chlorophyll is a magnesioporphyrin (§42-21) the role of which is to utilize 
energy from red light radiation to reduce thioctic (lipoic) acid. This in 
turn reduces (through a sequence of reactions) phosphoglyceric acid to 
phosphoglyceraldehyde. 

The sequence of reactions in photosynthesis has been probed ever since 
Joseph Priestly first observed the evolution of oxygen by illuminated 
plants in 1772. A multitude of eminent scientists have contributed. The 
most significant recent contributions were EPR studies by Barry Com¬ 
moner's group at Washington University, showing the production of un¬ 
paired electrons in chlorophyll by light, and isotope tracer studies by 
Melvin Calvin’s (Nobel laureate, 1963) group at the University of Cali¬ 
fornia, establishing the intermediates in carbon dioxide fixation. Outline 
(28) shows the main photosynthetic mechanism. An alternate mechanism 
via glycolic acid has been observed by Howard A. Tanner and associates 
of the Charles F. Kettering Foundation. 

The structures of the coenzymes involved in glucose metabolism are 
discussed in §39-3B. A coenzyme is the active, nonpeptide part of an 
enzyme or biological catalyst. 

38-3 CONSTITUENTS OF WOOD 

Only 35 40% of “dry" pulp wood is cellulose. The balance of wood 
consists of hemicelluloses (5 25%), lignin (20 40%), resins and oils (I 
• 5%). glycosides (1 - 10%), water (10 13%), proteins (1-2%), and inorganic 
salts (about 1%). Two and one-half tons of pulpwood are required to 
make a ton of paper pulp, air-dried. Part of the loss is due to degrada¬ 
tion of cellulose in the pulping process. 

Lignin is a complex polymeric material which apparently acts as the 
binding material cementing the cellulose and other polysaccharide fibers 
together to form the wood structure. The specific nature of the lignin 
polymer varies with the wood source, but skeletal units consist largely 
of three-carbon chains attached to guaiacol, catechol, phenol, or similar 
aromatic rings. A structural portion based upon coniferyl alcohol is 
shown below. It would appear that the biogenctic course of the formation 
of lignin involves an enzymatic oxidation of coniferyl alcohol (or a similar 
material) to a free radical such as V (of which only two of the several 
valence-bond structures are shown). These radicals may couple or react 
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( 28 ) 


2 H? 0 + 2 


c 


r 1 


CH 2 ) 4 C0H 

6 


llpoic acid 


chlorophyll + hv 

* 

activated chlorophyll ^ CH 2 CH 2 CH(CH 2 ) 4 C 0 H ^ ^ 

-* 2 SH SH 0 U ; 

hydrolipoic acid 

/ 


© 


ch 2 opo 3 h 2 

HOC-C-OH 

ii • 

0 c=o 

CHOH 

CH 2 0P0 3 H 2 
2-corboxy-3-ketopen- 
lose-1,5 diphosphate 


CO 



9h 2 opo 3 h 2 

CHOH 



3-phosphoglycertc 

acid 


CH 2 OPO 3 H 2 

<?=0 

CHOH 

CHOH 

CH 2 OPOsH 2 

ribulose-1,5 

diphosphate 


ATP 




ch 2 oh 

9=0 

CHOH 

CHOH 

CH 2 OPOjH 2 

ribulose-5 

phosphate 



CH 2 OH 
1-0 
HO-CH 
CHOH 

CH 2 0P0 3 H 2 
*ylulose-5 
phosphate 

0 



ch 2 opo 3 h 2 

2 CHOH 
CH=0 

3- phosphoqlyceral- 
dehyde 


CH 2 0P0 3 H 2 1 

C=0 I 

CH 2 0H I 

dihydroxy- i 

acetone 

phosphate M 


CH 2 OPO 3 H 2 



CH 2 OPO 3 H 2 


OH H 

fructose-1,6 diphosphate 


CH 2 0P0 3 Hg 


OH H 



fructose-6 phosphate 

starch. 


CH 2 OPO 3 H 2 

h/h vch 2 oh 
ho\h ho/ oh 

OH H 

sedoheplulose-7 
phosphate 


ch 2 opo 3 h 2 

h/h \ch 2 opo 3 h 2 
ho\h ho/oh 

oh h 

sedoheptulose-1,7 di¬ 
phosphate 


CH=0 
CHOH 
CHOH 

CH 2 0P0 3 H 2 
erythrose-4 
phosphate 
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QUESTIONS AND PROBLEMS 


1. Give an explanation, illustration, or definition to show clearly what is meant 
by each of the following terms. Supplement diagrams with verbal explanation. 


a. monosaccharide 

b. disaccharide 

c. polysaccharide 

d. carbohydrate 

e. reducing sugar 


f. mutarotation 

g. epimers 

h. auomers 

i. pyranose ring 

j. furanosering 


2. Write configurational formulas for specific compounds that illustrate the 
following terms. In each case, explain how the formula illustrates the term. 


a. aldohexose 

b. ketohexose 

c. ketotriose 

d. aldoheptose 

e. ketopentose 


f. glycoside 

g. aldonicacid 

h. glycaric acid 

i. glycuronic acid 

j. osazone 


3. Tell which of the following compounds are not carbohydrates and why. 


a. erythrose, C 4 H 6 0 4 

b. cyclohexanehexol (inositol), 

c 6 H 12 o 6 

c. erythritol, C 4 H l0 O 4 


d. 2-hydroxyethanal, C 2 H 4 0 2 

e. ethanoic acid, C 2 H 4 0 2 

f. 2,3,4-trihydroxypentanal, 

c 5 h 10 o 4 


4. Write equations for the reactions used to prove the structure of glucose: 
cyanohydrin formation, hydrolysis of the cyanohydrin, hydrogen iodide reduc¬ 
tion. Write equations for the same reactions starting with fructose. Compare 


the products. 

5. Write equations for the following 
for carbohydrates and their derivatives. 

a. complete methylation of glucose 

b. formation of methyl glucoside 
from glucose 

c. formation of phenylglucosazone 
from mannose 

d. hydrolysis of penlamcthylglu- 
cose 

e. oxidation of mannose to man- 
nonic acid (an aldonic acid) 


reactions. Use configurational formulas 
Indicate essential conditions. 

f. preparation of four aldphexoses 
from tagatose, a ketose related to 
galactose in the same way fruc¬ 
tose is related to glucose 

g. preparation of three aldohexoses 
from fructose 

h. preparation of diacetonegluco- 
furanose from glucose 


6 . Write equations showing why D( + )-glucose and d( -)-fructose produce the 
same phenylosazone. Use configurational formulas. 

7. Show how the following transformations can be accomplished. Use con¬ 
figurational formulas for carbohydrates and their derivatives. Indicate inorganic 
reagents and conditions. 
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a. ribulose from the suitable aldo- 
tetrose 

b. sedoheptulose from altrose 

c. ribose from glucose 


d. a meso glycaric acid from an al- 
dohexose 

e. an optically active glycaric acid 
from an aldohexose 


8. Distinguish between racemization and mutarotation. 

9. Which tetrose gives an optically active glycaric acid upon oxidation? Write 
the equation to verify your answer. 

10. Show (1) how many stereoisomers and (2) how many optically active forms 
are possible in the following compounds. 

a. aldohexopyranoses c. pentaric acids (pentose glycaric 

b. 2-ketohexoses, open form acids) 


11. An aldoheptose obtained by Kiliani’s synthesis from talose gives a meso 
glycaric acid upon oxidation. Write the configurational formula of the aldo- 
heplose. 

12. Write equations for any reactions that occur among the reagent mixtures 
listed below. Use configurational formulas for carbohydrates and their deriva¬ 
tives. Indicate essential conditions. If no reaction occurs, write formulas of 
reagents and NR. 


a. fructose + benzoyl chloride 

b. sucrose + Fehling’s solution 

c. mannose + phenylhydrazine 


d. lactose + hydroxylamine 

e. oclamethylsucrose + dilute hy¬ 
drochloric acid 


13. Tell all that is shown about the initial organic reagents by the following 
reactions. 

a. CjH,o 0 4 + acetic anhydride + sodium hydroxide —* C 9 H u 0 6 

b /^ ii /~\ ti /-\ emulsin 

• c 8 H| 6 o 6 + h 2 o --- c 6 h, 2 o 6 


c. C 7 H„0, + HjO — ?‘ aic • C.H 12 0 6 


d- C, 2 H 22 O n + methyl sulfate + sodium hydroxide 
2,3,4-trimethylglucose + 2,3,4,6-telramethylmannose 


C 2 oH 38 0|, 


h 2 o 

HCI 


e. C 6 H 9 0(0 CHj)j 


HCI 


C 6 H 10 O 2 (OCH3) 2 


KMn0 4 


glutaric acid, acetic acid, and 3,4-dimelhoxy-5-ketohexanoic acid 


2,3-dimethoxy- 


14. Explain why sucrose and raffinosc are not reducing sugars. 

15. Show how the following compounds can be distinguished by simple labora¬ 
tory tests. Describe the observed results. 


a. sucrose and maltose d. 

b. cellulose and starch e. 

c. cellulose nitrate and cellulose f. 

acetate 


viscose rayon and polyester fiber 
galactose and lactose 
soluble starch fraction and in¬ 
soluble starch fraction 
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16. Write equations for the acetylation, nitration, and xanthate formation of 
cellulose. 

17. Formulate the complete methylation of the following substances and the 
hydrolysis of the methylated products. Indicate clearly the formation of the 
several possible methylglucoses. 

a. cellulose 

b. insoluble starch fraction 

18. Show how the following syntheses 
dicate necessary reagents and conditions. 

a. glucose from starch c. pyrogallol from tannic acid 

b. maltose from starch d. furfuraldehyde from xylose 

19. Show how all the types of bonds present in the lignin unit in §38-3 can be 
produced from coniferyl alcohol or from hydroxyconiferyl alcohol. 



ch 3 o 

hydroxyconiferyl olcohol 

20. How would the empirical analysis of the product of acid-catalyzed reaction 
of glucose with methanol differ from that observed, if glucose reacted in the alde¬ 
hyde form rather than the hemiacetal form? 

21. What would be the nature of the infrared absorption spectrum of glucose in 
the 5-6 n region, (a) if glucose had principally the hydroxy aldehyde structure, (b) 
if it were principally a mixture of hemiacetals? (The latter is observed.) 

22. Write equations to show how tetramethyl glucose can be converted to a 
trimethoxyglutaric acid by oxidation and to show how the corresponding methy¬ 
lated fructose can be converted to a dimethoxysuccinic acid. 

23. (a) Discuss, from a mechanistic point of view, why mutarotation is both 
acid catalyzed and base catalyzed, (b) Why are the formation and hydrolysis of 
methyl glucoside (eq. 2) acid catalyzed, but not subject to base catalysis? 

24. Give a reasonable reaction path for the formation of furfural from xylose, 
using your knowledge of acid-catalyzed reactions. 

25. Write the structural formulas involved in the Haworth proof of structure of 
sucrose. 


c. soluble starch fraction 
can be accomplished in good yield. In- 
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Proteins 


39-1 AMINO ACIDS 
A. Classification 

Amino acids are, as the name suggests, organic acids having amino 
groups. With few exceptions, amino acids from natural sources are alpha- 
aminocarboxylic acids 

Y—CH—CO,' 

I 

®nh 3 

on a-ominocorboxylic acid 


Some exceptions are /3-aminopropionic acid (^-alanine) from pantothenic 
acid, 0-aminoethanesulfonic acid (taurine) from bile salts, and p-amino- 
benzoic acid. 

a-Amino acids of three types occur in nature. The simplest are mono- 
aminomonocarboxylic acids, or neutral amino acids. Diaminomono- 
carboxylic acids are termed basic amino acids. Monoaminodicarboxylic 
acids are called acidic amino acids. 

Most amino acids are readily synthesized by all living organisms. A few, 
however, are not synthesized by vertebrates as rapidly as they are utilized 
metabolically. These must be furnished in the diet, hence they are termed 
essential amino acids. 

B. Sources 

Most of the naturally occurring amino acids are obtained by hydrolysis 
of proteins, one of the principal constituents of biological material. Others 
are obtained by cleavage of vitamins, hormones (e.g., thyroxine) or other 
metabolic participants. A few have only transitory existence in living or¬ 
ganisms, but can be isolated using specific metabolic enzymes. Ornithine 
and cilrulline arc examples of these. A list of certain important amino 
acids is given in Table 39-1 with appropriate structural formulas. Note 
that most of them can be considered as derivatives of alanine. The re¬ 
mainder of each of the structures is emphasized by boldface type. 
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TABLE 39-1. Certain Naturally Occurring Amino Acids 


Name 


Formula 


Name 


Formula 


Neutral Amino Acids 


Glycine 


L-Alanine 


L-Valine* 


L-Leucinc 1 


L-Serine 


L-Threoninc* 


CH,CO, e 

NH,® 

CHjCHCOj® 


NH,® 


CH 


CH 


CH 


CH, 


chchco,® 

NH,® 


CHCHjCHCO,® 


L-lsoleucinc* CH,CH 2 


CH 


©NH, 


CHCHCO,® 

NH,® 


L-Norleucine CH,CH 2 CH,CH,CHCO,® 


NH, 


HOCHjCHCO,® 
I ■ 

NH,® 


OH 


CHjC — CHCOj® 


L-Phcnylalaninc* 


H NH,' 




CHCO,® 

NH,® 


L-Methionine 1 


L-Asparaginc 


L-Glutaminc 


L-Tryptophan* 


L-Prolinc 


L-Hvdroxyprolinc 


L-Iodogorgoic acio 


CH,SCH 2 CH 2 CHCO,® 


©NH, 

H x NCCH,CHCO, e 
O ©NH, 

H 2 NCCH 2 CH 2 CHCO,® 
O ©NH, 


-CCH 2 CHCO 2 0 

I I 

n -"CH ©NH, 

I 

H 


. CH 2 -CH 


CO,® 


rM ‘ A 

nh 2 h 
© 


,C- -CHj 

ho'ch, A co ' 0 


\ / \ 

NH, H 


HO-/Q)— ch 2 chco 2 ® 


©NH, 


L-Thyroxinc 


HO 


I I 

~0>- 0 -<0- CH >CHCO, 

/ / NH,® 


i -Tyrosine 


i -Cysteine 


L-Cystinc 


HO 


H,CHCO,® 

NH,® L-Lysine* 


Basic Amino Acids 


HSCH 2 CHCO,® 

NH,® 

©NH, 

SCH 2 CHCO, e 

i 

sch 2 chco 2 ° 


L-Arginine* 


L-Hisudme* 


H 2 NCHjCH 2 CH 2 CH 2 CHCO 2 0 

NH,® 

H 2 NCNHCHjCH 2 CH 2 CHC0 2 e 
NH,® NH, 

H > _- CH,CHCO, e 


HN N NH,® 

c' 


©NH, 
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TABLE 39-1. Certoin Naturally Occurring Amino Acids (Cont.) 


Name 

Formula 

Name 

Formula 

L-Ornithinc 

H 2 NCH,CH,CH,CHCO 2 0 

NH,® 

L-Glutamic Acid 

HOCOCH 2 CH 2 CHCO 2 0 

1 



NH,® 

L-Cilrullinc 

H 2 NCNHCHjCH 2 CHjCHCOj® 

O NH,® 

Other than o-Amino 

ACIDS 


d-Alaninc 

0 

H,NCH 2 CH 2 COj 0 

Acid Amino Acids 

Taurine 

H,NCH 2 CH : SO, e 

L-Aspartic Acid 

HOCOCH 2 CHCO 2 0 

NH,® 

/>-Aminobcnzoic Acid* 

HjN ^ c ° 2 0 


*1 lor human dicl 


Several nonbiological methods of synthesis of amino acids have been 
discussed in various sections of this text. Briefly, these are ammonolysis 
of a-halogen acids (§12-1C), Strecker’s cyanohydrin synthesis (§18-2B), 
malonic ester and acetoacetic ester syntheses (§2I-6A) and reductive am¬ 
monolysis oT rt-ketoacids (§27-1 F). 

C. Physical Properties of Amino Acids 

As might be expected of compounds which have both acidic and basic 
groups in the same molecule, amino acids give evidence of high polarity. 
Their melting points are quite high for substances with such low molecu¬ 
lar weights (compare glycine, which melts at 236° with decomposition, 
and glycolic acid, HOCHjCOOH, which melts at 79°). Unusually low 
solubilities for polylunctional compounds can be explained on the basis of 
vcr> strong intracrystalline forces. That the low solubilities of some 
ammo acids are not due to nonpolar nature is indicated by their in¬ 
solubility in nonpolar solvents. 

All u-amino acids but glycine are optically active. The naturally oc¬ 
curring ones derived from protein hydrolysates belong to the l.-series re¬ 
lated to lactic acid (which in turn is based on glyceraldehyde). Some 
metabolic products of lower organisms contain D-amino acids. 

D. Chemical Properties 

(1) Sail Formation and Ionic Behavior. As is It) be expected of com¬ 
pounds with both acidic and basic groups in the molecule, amino acids 
are amphoteric. Furthermore, considerable evidence points to the exist¬ 
ence of pure amino acids as inner salts, that is, the point of equilibrium 
represented by eq. (I) lies far to the right. The physical properties, as 

(1) Y CHCOjH Y —CHCO,° 

NH 7 


®NH, 
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already mentioned, are those of highly polar species. However, since the 
charges on the inner salt molecules compensate each other, the molecules 
are not ions. Inner salts of this type are called dipolar ions or zwftterions. 
Salt formation by zwitterions follows the courses indicated by the reac¬ 
tions in eqs. (2) and (3). Note that an acid attacks the carboxylate group, 
a base the ammonio group. 


© 


(2) H 2 NCHCO 2 0 + H + *=* 


0 

h 3 nchco 2 h 


© 


(3) H 3 NCHCO 2 0 + OH" — H 2 NCHC0 2 " + H 2 0 


The products of salt formation are ions, which are usually soluble in 
water and migrate in electrolytic cells. At some certain pH, the amino 
acid molecule is electrically neutral in solution. This pH is called the 
isoelectric point. At this pH the amino acid is least soluble and does not 
migrate in an electric current. On the other hand, aminodicarboxylic 
acids are acidic, and diaminomonocarboxylic acids, basic. Neutral solu¬ 
tions of these amino acids are mixtures of the free compounds with their 
salts, that is, buffer solutions. Therefore, ionic species are present, and 
the amino acid ions do migrate in an electrical current. 

This behavior makes possible the separation of complex mixtures of 
amino acids by a process called electrophoresis. The solution at a desired 
pH is electrolyzed in a vessel of three chambers (Fig. 39-1) starting with 
the mixture in the middle chamber. Anions of more acidic amino acids 
migrate toward the anode, and appear in the chamber near this electrode; 
cations of more basic amino acids move to the opposite chamber. The 



Fig. 39-1. Electrophoresis Cell (S) Sintered 
glass partitions, (E) Electrodes. Solution con¬ 
taining buffer and materials to be separated is 
placed in center chamber. Buffer solution is 
placed in each end chamber. Passage of electric 
current causes material in center chamber to 
migrate to right or left chamber. 
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process is stopped after a suitable extent of migration has occurred, but 
before much reaction occurs at the electrodes. 

(2) Reactions at the Carboxyl Croups. Amino acids form esters and 
amides, just as simple carboxylic acids do. However, attempts to form 
anhydrides or acyl halides result in formation of cyclic diamides called 
diketopiperazines (eq. 4). These can be prepared in better yield by heating 
esters of the amino acids and are useful for the preparation of dipeptides 
by very carefully controlled hydrolysis (eq. 5). 


( 4 ) 


R C—0 G 


h 3 S 

I 


A or 


SOCI 


R \ 

CH NH 


©NH, + 


© r \— 


/ C \ 

C R 


NH 




+ 2 H 2 0 


o dikttopiporozine 


(5) 


CH NH 


NH 


CH 

c R 


+ H,Q + H* 


Cl 


HjNCHCNHCHCOH 


I II I 

R O R O 


dipeptide hydrochloride 


(6) CHjCNHCHCOOH + SOCI, — CHjCNHCHCCI + SO, + HCI 

OR O R O 

Acylated amino acids can readily be converted into the corresponding 
acyl halides (eq. 6), which are useful for the synthesis of peptides. 


(3) Reactions at the Amino Group. All of the amino acids but the pro¬ 
lines exhibit reactions of primary amino groups, including acylation, 
nitrogen generation by nitrous acid, and reactions with aldehydes. The 
Van Slyke amino nitrogen determination (eq. 7) is an analytical tool much 
used in amino acid and protein chemistry. An analytical application of 



HjScHRCO, 0 


+ HNO, 


HOCHRCO,H + N,(g) + H,Q 


the reaction with formaldehyde is also important. The formol produced 
has considerably reduced basic properties, hence can be titrated with 
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sodium hydroxide to determine free carboxyl group content (see eq. 8). 

(8) RCHCCV + 2 CH 2 0 — R—CH—C0 2 H 

©NH 3 N 

hoch 2 x ch 2 oh 

a formol 

Condensed polymeric amide derivatives of amino acids are called 
peptides. Appropriate numerical prefixes indicate the number of amino 
acid units per molecule. 

39-2 PROTEINS 

Proteins are high-molecular-weight biological materials made up largely 
of alpha amino acid monomer units condensed into long polypeptide 

chains: 

H H H 

I I I 

-NHCCO—NHCCO—NHCCO- 

I I I 

R R' R” 

Although proteins differ greatly in their individual amino acid contents 
and in the orders in which the amino acids occur, the nitrogen content is 
so nearly constant (16° 0 ) that analysis for nitrogen is used as a basis for 
the estimation of the amount of protein in foods. 

Molecular weights of proteins vary widely according to type and source, 
the extremes being 6,000 (insulin) and 20,000,000 (keratin). 

A. Classification 

Proteins are classified variously according to their constitution, physical 
nature, and solubility behavior. Those which yield only amino acids upon 
hydrolysis are called simple proteins. Those which give other types of 
products besides amino acids are conjugated proteins. 

The groups in the original protein which engender the non-amino acid 
hydrolysis products are termed prosthetic groups (Gk., pros + tithenai, to 
place upon). Some conjugated proteins lose their prosthetic groups very 
readily; sometimes dialysis is sufficient to separate the amino acid chain 
(peptide chain) from the prosthetic groups. Consequently, it is not always 
clear when a native protein is simple and when it is conjugated. Add to 
this the fact that single small units from proteins of large molecular weight 
are mere traces in the midst of thousands of amino acid units, and the 
problem of classification of proteins becomes no small consideration. 
Some biochemists have raised the question whether any simple proteins 
exist in the living organism. 

Derived proteins are substances of protein-like nature formed by de- 
naturation or by partial hydrolysis of proteins. Denaturalion is a mild 
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treatment which alters the physical properties, but not the chemical com¬ 
position of a protein. This involves differences in coiling and internal 
hydrogen bonding. 

The main classes of proteins and some examples of each are given in 
Table 39-2. 


TABLE 39-2. Classification of Proteins 


Name 

Source 

Characteristics 

Albumins: 

Serum albumin 

Blood serum 

Soluble in water and dilute salt 

Ovalbumin 

Egg white 

solutions, coagulated by heat 

Myogen 

Muscle 


Lactalbumin 

Milk 


Globulins: 

Serum globulin 

Blood serum 

Insoluble in water, soluble in 

Myosin 

Muscle 

dilute salt solutions, coagulated 

Thyroglobulin 

Thyroid 

by heat 

Glutelins: 

Glutenin 

Wheat 

Insoluble in water and dilute salts. 

Oxyzenin 

Rice 

soluble in dilute acids and bases 

Prolamines: 

Gliadin 

Wheat 

Like glutelins, except soluble in 

Hordern 

Barley 

70 80 u o ethanol 

Zein 

Corn 


Histones: 

Globin 

Hemoglobin 

Soluble in water and dilute acids. 

Scombrone 

Mackerel 

weakly basic, coagulate other 

Thymus histone 

Thymus 

proteins 

Protamines: 

Salmin 

Salmon sperm 

Soluble in water and dilute acids, 

Sturine 

Sturgeon sperm 

basic, not coagulated by heat. 

Scombrine 

Mackerel sperm 

coagulate other proteins 

Albuminoids: 

Keratin 

Horn, hair, nails 

Insoluble in reagents that do not 

Fibroin 

Silk 

decompose them 

Llastin 

Ligaments 


Collagen 

Hide, cartilage 

• 


Conjugated Proteins 

Name 

Source 

Prosthetic Groups 

Nucleoproteins 

Cell nuclei, genes. 

viruses Nucleic acids (§42-3C) 

Glycoproteins: 

Mucin 

Saliva 

Carbohydrates 

Mucoids 

Tendons, bone 

(Chapter 38) 
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TABLE 39-2. Classification of Proteins (Cont.) 

Name 

Source 

Prosthetic groups 


Conjugated Proteins (cont.) 

Phosphoproteins: 

Vitellin 

Egg yolk 

Phosphoric acid 

Casein 

Milk 


Chromoproteins: 

Hemoglobin 

Erythrocytes 

Porphyrins (§42-2) 

Chlorophyll 

Lipoproteins 

Plant plastids 

Cell membranes 

Fatty acids, lecithins 


Derived Proteins 

(§40-1C. §40-4) 


Name Treatment 


Denatured proteins 

Coagulated proteins 

Metaproteins 

Proteans 

Proteoses 

Peptones 


Heat, ultraviolet light, acid, alcohol, urea 
Prolonged heat, alcohol 

Nonhydrolytic treatment with acids or alkalies 
Very slight hydrolysis by acids or alkalies 
Further hydrolysis. Water-soluble, not coagulable 
Further hydrolysis. Not precipitated by saturated 

(NH 4 ) 2 S0 4 


B. Physical Properties 

An outstanding characteristic of proteins is their colloidal nature. 
Because of their many polar groups, proteins are hydrophilic, hence form 
aqueous gels with great ease. Protoplasm is, in fact, a sol-gel mixture 
surrounded by a somewhat stiffer gel that serves as a cell boundary or 
membrane. 

Working with proteins, then, is a matter of utilizing methods for deal¬ 
ing with colloids. One of the more familiar of these is dialysis. True 
solutes can be separated through suitable membranes from colloidal 
particles. Membranes of appropriate porosity can separate colloids of 
lower molecular weight from higher colloids. Dialysis is not, however, a 
general method for separating mixtures of colloids. 

To separate proteins from each other requires methods capable of 
selection on the basis of molecular weights, densities, molecular shape, 
and ionic charge, if any. The ultracentrifuge utilizes the first three of 
these differences in properties. Protein solutions spun at rotations up to 
80,000 rpm soon form layers based on molecular densities and molecular 
weights. Boundaries between the layers slowly move outward with time, 
and other boundaries may appear. If the separations are sharp enough, 
different layers can be collected as different fractions. Failure to form 
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more than one layer in the ultracentrifuge is used as a criterion of purity 
of a protein, since melting points are not meaningful. 

A method which depends primarily upon ionic charge, and less directly 
upon the other properties, is electrophoresis. This operates in the same 
way for proteins as for amino acids (§39-1 D( 1)). The Tiselius cell (Fig. 
39-2) was specially designed for the separation of proteins into fractions 
by electrophoresis. Again, formation of a single fraction in electro¬ 
phoresis is a criterion of purity for a protein. If the protein sample can 
pass both the sedimentation test and the electrophoretic test, it is con¬ 
sidered as pure as is possible to ascertain with present methods. 


Fig. 39-2. Tiselius Cell in Cross Sec¬ 
tion. (A) Segments in line for electro¬ 
phoresis, (B) Segments separated by 
sliding for isolation of sample fractions. 


A 




C. Chemical Properties 

(1) Acidify and Basicity. Since proteins commonly have acidic and basic 
side chains derived from acidic amino acids and basic amino acids, as well 
as one basic and one acidic end group per molecule, proteins are ampho¬ 
teric (see formula I). Proteins doubtless have forms corresponding to the 
amino acid zwitterions, but with their larger number of amino and 
carboxyl groups, these must have more than two charge centers. 

As with amino acids, for each protein there exists some pH at which the 
number of positive and negative charges on the molecule is the same, 
hence the molecule is electrically neutral. This pH is the isoelectric point. 
At the isoelectric point the protein does not migrate in electrophoresis. 
At this pH, its solubility is a minimum. The isoelectric point tor each 
protein or amino acid is characteristic. 
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(2) Hydrolysis. The ease with which proteins are degraded by acids and 
by enzymes to various intermediates, and ultimately to amino acids, sug¬ 
gests that the long chains are connected by the amide linkage. This is 
confirmed by physical-chemical studies. Amides and proteins are cleaved 
by both mineral acids and bases with about the same ease. The fact that 
little or no racemization of amino acids occurs during acidic or enzymic 
hydrolysis supports the belief that asymmetric carbon atoms are not 
attacked during hydrolysis. On the other hand, sodium hydroxide does 
cause extensive racemization. 

(3) Analytical Reactions. A number of chemical procedures have been 
developed to test for certain amino acid groups or to distinguish between 
protein derivatives. 

The ninhydrin reaction (eq. 9) gives a pink color changing to intense 
blue when a-amino acids are present in neutral solution. Peptides yield 
no color change. In acidic solution, carbon dioxide is evolved and can 
give a quantitative estimate of free amino acids. 

The biuret reaction is the formation of a cupric complex, blue-violet 
in color, between very dilute cupric sulfate and an alkaline solution of 
polypeptides or proteins. Amino acids and simple peptides give negative 
tests. 



triketohydrindene hydrate 
(ninhydrin) 


+ 2RCH=0 + 2 C0 2 (g) + 2 H 2 0 

Phenolic groups in proteins respond to Millon's reagent , a complex 
mixture of mercuric nitrate and nitrite, nitric acid, and oxides of nitrogen 
made by dissolving mercury in concentrated nitric acid and diluting the 
product. Red colors are shown by tyrosine, iodogorgoic acid, thyroxine, 
and proteins containing units of these acids. 

Another test w hich detects phenolic groups, as well as tryptophan units, 
is the xanthoproteic test. Concentrated nitric acid nitrates these readily 
substituted aromatic groups to give yellow polynitro aromatic groups. 
These are acidic and form deep orange anionic complexes when treated 
with ammonia. 
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D. Serological Assay 

The intractability of proteins to present physical and chemical methods 
of separation implies that closely related proteins are practically indis¬ 
tinguishable by chemical and physical methods. More selective means of 
identification and differentiation of proteins depend upon biochemical 
processes in blood serum. If a foreign protein is injected into an animal s 
blood system, it sets up an irritation that causes the blood system to 
manufacture antibodies, which also are proteins and which precipitate the 
foreign protein. Blood serum taken from the sensitized animal will 
henceforth cause immediate coagulation of any sample of the same pro¬ 
tein that caused formation of the antibodies. However, different proteins, 
either from the same source or from a similar source in a different species 
or subspecies, are not coagulated by the antibodies, showing that there is a 
definite, biologically detectable difference between the corresponding tis¬ 
sue proteins of different species. 

Advantage is taken of the selectivity of the antibody reaction to dis¬ 
tinguish between otherwise indistinguishable proteins and to identity 
samples of protein as being the same as others which produce the same 
antibody reaction. 

E. Structure of Proteins 

The difficulty of obtaining homogeneous protein samples and the large 
number of structural units making up proteins have been such strong 
deterrents to progress in this field that with but a lew notable exceptions, 
only the gross features of protein structure have been established. Onl> 
recently have salients been pressed into the details of protein structure. 

(1) Degradation Studies. Complete hydrolysis of proteins and analysis 
of the hydrolysates gives the ratio of amino acids present in the chain, but 
no clue as to their order. The first attempt to derive their order was the 
stepwise degradation of a protein chain one amino acid unit at a time by a 
process that utilized nine separate steps per unit. Understandably deg¬ 
radation studies never progressed very far under these conditions. 

The first major breakthrough was the Nobel Prize-winning work of 
Frederick Sanger (1945 1950), which culminated in determination of the 
complete structure of insulin. Sanger used 2,4-dinilrofluorobenzene to 
label all free amino groups (eq. 10). Any compound which contains the 
resulting 2,4-dinitrophenylamino group is bright orange. Thus, the ter¬ 
minal amino group and all lysine units are labeled. 

The next step was to break down the protein chain selectively by en¬ 
zymic hydrolysis. Several modes of cleavage are possible depending on 
the specific enzyme (§39-3) used. A carhoxypeptida.se cleaves the free 
carboxyl end units, one at a time; careful timing makes possible degrada- 
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tion of just one unit. Still more useful are endopeptidases , which cleave 
the chain along its length at certain specific linkages. Thus, trypsin breaks 
a polypeptide at each lysyl or argininyl unit, II: chymotrypsin at each 
aromatic unit, III, and pepsin at each peptidyl aromatic unit, IV (pro¬ 
vided the unit to the left of the aromatic unit is not basic). 
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IV pepsin catalysis Y - H or OH 

The hydrolysis of the protein chain by a given enzyme or combination 
of enzymes thus breaks the polypeptide chain down to a number of 
shorter peptides. These are then separated by chromatography , a method 
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which utilizes selective adsorption on a solid as a solution is passed 
through a packed column. The terminal group and all former lysyl- 
containing groups appear as orange bands; all others are colorless and 
must be detected by analytical reactions (§39-2C(3)). These separated, 
shorter peptides can now be degraded stepwise with the carboxypepti- 
dases to determine their amino acid sequence. In general, the original 
protein is broken down to units of one to four amino acids, so that the 
determination of sequence upon these is much less formidable than a 

similar determination upon the original protein. 

Insulin was shown to consist of two polypeptide chains connected by 
disulfide units in cystine, with one glycyl amino-end unit and one phenyl- 
alanyl amino-end unit. Identification of the various hydrolysis products 
which resulted from different modes of hydrolysis presented a sort of 
crossword puzzle for sequence-fitting to correspond with the known 
number of amino acid units in each chain. The result of completing this 
scientific crossword puzzle was the complete structure ot insulin, V. 
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Sanger’s work on insulin was paralleled by utilization of similar 
methods on two polypeptide hormones, oxytocin and vasopressin (§43-2). 
These smaller polypeptides are cyclic, hence have no end groups. Vincent 
du Vigneaud (Nobel laureate, 1955) and his students not only deter¬ 
mined the structures of these hormones, but also synthesized them. These 
are the first naturally occurring polypeptides to have been synthesized. 
Insulin has now been synthesized (P. G. Katsoyannis and co-workers, 
Pittsburgh, Pa. and H. Zahn and co-workers, Aachen, Germany). 

Determination of the order and number of amino acid units in a pro¬ 
tein molecule is just the beginning of the battle, however. The behavior 
of many proteins when heated, treated with alcohol, or otherwise de¬ 
natured indicates that the change is not in destruction of peptide linkages, 
but in the physical orientation of the groups in the molecule. Many pro¬ 
teins have coiled molecules. Diffraction studies have confirmed in some 
proteins the probability of the 2 7 or ar-II fold. The folds are linked be¬ 
tween the carbonyl atoms and the amino hydrogen atoms of alternate 
amino acid units by .hydrogen bonds. The designation 2 7 fold comes from 
the two amino acids in each loop, which form a seven-membered ring. 
Most proteins have a spiral, N n fold (Fig. 39-3). X-ray diffraction studies 
established that long regions of the N, 3 spiral occur even in the structure 
of myoglobin, a muscular globulin. 


O—H 


V 


H 


N 

/ \ 


CH 


\ / 

N 

A 


H 

\ 


C \// 0 " 

/Wh"\A 


H CH o 
N C 

L l 


N 

i 


/ \ /"A 

r r 

/ N \ A 

O— H CH O 


2 7 of a*II fold 


(2) Syntheses. The orderly organic chemist does not feel comfortable 
about the proposed structure of a compound until it has been defended 
not only by degradation, but also by synthesis from smaller units. In 
protein chemistry, this means putting amino acid units together to form a 
long protein chain. Because of the sketchy knowledge available of the 
order ol arrangement of amino acids in most proteins, it has proved 
impracticable to attempt complete synthesis of most natural proteins. 
The probability that, by randomly putting together all the amino acids 
present, in the proportions they exist, to form a specific protein is vanish¬ 
ingly small, about one in 10 470 even in the relatively simple case of a 
polypeptide made up of five each of twenty different amino acid units. 
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Fig. 39-3. Segment of Polpeptide Chain in N u Fold. 
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One scheme used to prepare polypeptides is shown in outline (11). 
After the desired number of amino acid units has been added to the poly¬ 
peptide, the final replacement of the terminal chlorine atom by an amino 
group is accomplished. A polypeptide synthesized in this manner by Emil 
Fischer with eighteen amino acid units, molecular weight 1212, had dis¬ 
tinctly protein-like characteristics. 


(11) CICHCOCI + H 3 NCHCO 2 0 
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A number of schemes have been used to protect the terminal amino 
group or carboxyl group of a peptide or amino acid undergoing incorpo¬ 
ration into a polypeptide chain. The carbobenzyloxy group, introduced as 
in eq. (12), is widely used for protecting amino groups. 


( 12 ) 



HjOCOCI + H 3 NCHCO, e 



CHjOCONHCHCOjH + HC! 


since it can be removed by mild reduction (eq. 13) without endangering 
the peptide linkages. 

Several methods have been used for connecting the carbobenzyloxy (Cb) 
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protected amino acid to the amino end of the next unit. Originally, the 
Cb-amino acid was converted to its acyl halide, which then formed the 
peptide link as any such amide synthesis is performed. The carboxyl end 
of the product could be converted to its acyl halide, and the sequence 
repeated as often as desired. However, a number of the side chains of 
amino acids are more susceptible to SOCl> than the carboxyl group, so 
that other methods were sought. An obvious approach is to form the pep¬ 
tide bond by dehydration. A dehydrating agent that is well suited to this 
method is jV.N'-dicyclohexylcarbodiimide, which forms a precipitate ot 
/V.yV'-dicyclohexylurea in a suitable solvent such as tetrahydrofuran or 
acetonitrile. 

04) 

1 T 

+ Cb—NH —CH —COH + H 2 N—CH —C—OCH, — 

O ° 

dicydohtxylcarbodiimide 



\ V~nh —C 

W 11 
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This same dehydrating agent can be used to promote formation ot 
specially active esters, such as the p-nitrophcnyl ester ol an amino acid, 
which then can form the peptide bond by reaction between the ester group 
and an amino group. 

R. B. Woodward (who with his students has synthesized a large number 
of complex natural products) devised a somewhat exotic, but very ef¬ 
fective method for forming peptide bonds (1961). His reagent. 3-(A'-ethyl- 
5-isoxazoliumyl)benzenesulfonate, forms a reactive ester with the pro¬ 
tected amino acid or peptide. The final by-product, unlike the end- 
protected peptide, is water soluble. Professor Woodward was the Nobel 
Prize winner in chemistry in 1965. 
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39-3 ENZYMES 

Enzymes are biological catalysts. Most are made up of two parts, a 
polypeptide, called the apoenzyme , and a prosthetic group, called a co- 
enzyme. The coenzyme is usually very loosely attached to the apoenzyme 
to form a complex called the holoenzyme. 

The coenzyme is the part of the holoenzyme that brings about chemical 
reactions. The apoenzyme promotes the reaction and determines what 
type of substance is acted upon. The specificity of an enzyme is due to the 
uniqueness of fit between the apoenzyme and the material undergoing 
reaction. The latter is called the substrate. 


A. Mechanism of Enzyme Actions 

Since both the coenzyme and the apoenzyme must act upon a substrate 
simultaneously, there must be one or more active centers on both por¬ 
tions of the holoenzyme with which the substrate forms a temporary as¬ 
sociation. After formation of an enzyme-substrate complex, the substrate 
is vulnerable to attack by some specific substance from the environment 
or some reactive group on the coenzyme itself. 
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Fig. 39-4. Diagramatic Representation 
of Enzyme-Substrate Complex. 
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The specificity of the enzyme is determined by the particular spacing 
of groups on the apoenzyme. A coenzyme can act with a number of dif¬ 
ferent apoenzymes, but in each case upon a different substrate (see Fig. 

39-4). 


B. Some Important Coenzymes 

Some of the more important oxidizing coenzymes are coenzyme-I, or 
DPN + , coenzyme-II, or TPN\ and ferric cytochrome. The full names of 
the first two enzymes are diphosphopyridine nucleotide and triphospho- 
pyridine nucleotide. Both contain units of nicotinamide, one of the B 
vitamins. 
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Other important oxidizing coenzymes are FAD (flavinadeninedinucleo- 
tide) and FMN (flavinmononucleotide). These coenzymes have units of 
riboflavin, vitamin B?. 
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ATP (adenosine triphosphate) is the important energy-transfer co¬ 
enzyme. ADP and AMP are adenosine phosphorylated with diphosphate 
and monophosphate, respectively. 
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Two coenzymes are important because of their role in the synthesis of 
many of the compounds the body makes for itself. One is “active ace¬ 
tate,” or acetyl coenzyme-A. The other is “active formate,” or folinic 
acid. Acetyl coenzyme-A has a unit of pantothenic acid, another B vita¬ 
min. Folinic acid, less the formyl group, is folic acid, still another B 
vitamin. 
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A coenzyme important to the metabolism of proteins and amino acids 
is pyridoxal phosphate, the phosphate of the aldehyde related to pyri- 
doxine, or vitamin B 6 . 

Studies of the biological mechanisms of reactions mediated by enzymes 
are fascinating ones of considerable current interest. Students are referred 
to books on this topic by Kosower and by Ingraham. 
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QUESTIONS AND PROBLEMS 

1. Show by use of formulas or diagrams accompanied by verbal explanation 
that you know what is meant by the following terms. 

a. peptide linkage h. simple protein 

b. zwitterion i. conjugated protein 

c. essential amino acid j. diketopiperazine 

d. prosthetic group k. polypeptide 

e. serological assay I. apoenzyme 

f. N ]3 fold m. coenzyme 

g. substrate n. holoenzyme 

2. Describe the use of electrophoresis in amino acid and protein chemistry. 

3. How could the isoelectric point of a protein be determined by electro¬ 
phoresis? by solubility? 

4. Explain why an enzyme is very specific and selective. 

5. What class of foodstuffs is represented in many coenzymes? Of what class of 
foodstuff are apoenzymes made? 

6 . Write equations for the reactions that occur between the reagents below. 
Use structural formulas for organic compounds. 

a. glycine + hydrochloric acid e. lysine •+• sodium nitrite + hydro- 

b. t.-alanine + sodium hydroxide chloric acid 

c. valine + thionyl chloride f. L-alanine + methyl alcohol + 

d. isoleucine ■+• formaldehyde sulfuric acid 

g. glycine + chloroacetyl chloride 

7. Show how the compounds below can be prepared from the indicated starting 
materials. Use structural formulas for organic compounds. Specify essential 
conditions and reagents. 

a. Dt.-alanine from ethyl alcohol d. serine from ethyl acetate and for- 

b. glycylvalylalanine from the nec- maldehyde 

essary acid derivatives e. phenylalanine from cinnamic 

c. isolcucine from ethyl malonate acid 
and the necessary alkyl halide 

8 . Show how the compounds below can be distinguished by simple chemical 
tests. Describe the observed differences in behavior. 

Readings by Pfeiffer and Thompson are included in a reprint compilation entitled 
Physics and Chemistry of Life , Simon and Schuster, New York. 1955. 
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a. glycylglycine and glycylglycyl- c. alanine and gelatin 

glycylglycine d. casein and dextrin 

b. lysine and leucine e. tryptophan and proline 

9. A tripeptide isolated from a protein hydrolysate was treated with 2,4-dini- 
trofluorobenzene. The product was treated with aqueous carboxypeptidase, 
after which methionine was isolated. The dinitrophenylated dipeptide remaining 
was hydrolyzed and gave /V-2,4-dinitrophenylalanine and 6-(2,4-dinitrophenyl- 
amino)-2-aminohexanoic acid. Write the structure of the original tripeplide. 

!0. A polypeptide containing one unit each of glycine, alanine, phenylalanine, 
and tyrosine and two units each of glutamic acid and serine was obtained from 
a protein. Partial hydrolysis of the polypeptide gave fragments which were identi¬ 
fied as serylserine. glycylglutamic acid, glulamylphenylalanylglycine. glutamyl- 
tyrosylserine. and alanylglutamylphenylalanine. Reconstruct the order of amino 
acids in the original polypeptide. 




Fats, Oils, Waxes, and 
Detergents 


40-1 LIPIDS 

When biological tissues are extracted with organic solvents such as 
ether, chloroform, or benzene, a portion of the material dissolves. The 
components of the soluble material are called lipids. Several classes of 
lipids are quite unrelated in structure, properties, biosynthesis, and bio¬ 
logical degradation. 

The simplest lipids are the fats, oils, and waxes. (The term “oil” here 
refers to vegetable oils and not to petroleum fractions.) Since these are 
also commercially and biochemically important, and since their properties 
are typical of many types of lipids, the bulk of this chapter is concerned 
with the simple lipids. 

A. Physical Properties of Fats and Oils 

The simple lipids are either relatively nonvolatile, viscous liquids or 
waxy, low-melting solids. As indicated above, these are soluble in organic 
solvents and insoluble in aqueous media. 

B. Chemical Properties 

(1) Hydrolysis and Saponification Number. Fats and oils are esters of 
organic monocarboxylic acids and of glycerol and are hydrolyzable either 
by aqueous acid or by alkali (eq. 1). The latter method is termed saponifi- 

CHjOCOR CH 2 OH 

I I 

(1) CHOCOR + 3 OH' — CHOH + 3 RC0 2 ~ 

CH 2 OCOR ch 2 oh 

cation , because it produces soap (L., sapo , soap). Saponification of a fat 
produces soluble salts of fatty acids and soluble glycerol. Waxes are esters 
of long chain aliphatic acids with long chain aliphatic alcohols, so that 
alkaline hydrolysis gives a soluble soap, but the alcohol is insoluble. 

The alkali equivalent of a fat is expressed as its saponification number. 
This is defined as the number of milligrams of potassium hydroxide which 
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react with 1 g. of fat. Typical 5 saponification numbers of representative 
fats are given in Table 40-1. The variation in saponification numbers of 
fats from a given source reveals the heterogenous nature of the fat. Several 
different acyl groups are present in differing proportions in fats even from 
the same source. 

(2) Reactions Involving Unsaturation. Both saturated and unsaturated 
even-numbered carboxylic acids are derived from fats and oils. In vege¬ 
table oils, unsaturated acyl groups predominate. The fats of fish are 
somewhat more saturated, and in some animal fats saturated acyl groups 
predominate. The degree of unsaturation of a fat can be measured by 
halogenation. To avoid substitution, which may occur to some extent 
with bromine, the less reactive halogenating agents, iodine monobromide 
or iodine monochloride, are used. 


TABLE 40-1. Analytical Values of Representative Fats 


Fat 

Saponification 

Number 

, . .i « Average Double 

Iodine Number D , 6 .. . , 

Bonds per Molecule 

Human fat 

193-200 

57-73 

2.2 

Beef tallow 

190-200 

35-48 

1.4 

Butler 

210-241 

22 38 

0.9 

Lard 

190 203 

47-77 

2.1 

Cod liver oil 

171-189 

137-166 

5.6 

Menhaden oil 

189-193 

140-185 

5.6 

Coconut oil 

246-265 

6-10 

0.2 

Cottonseed oil 

189-198 

99-114 

3.6 

Soy bean oil 

189-197 

120-141 

4.5 

Linseed oil 

188-196 

155-205 

6.2 

Tung oil 

189-197 

160-175 

5.8 


The quantitative estimate of unsaturation of a fat is expressed as its 
iodine number. This is the number of grams of halogen, as iodine, taken 
up by 100 g. of fat. The iodine number depends on the average number 
of double bonds per molecule and the average molecular weight of the 
fat. Typical values for representative fats are given in Table 40-1. 

Like other unsaturaled compounds, fats can be hydrogenated. The 
melting point of a fat is related to its degree of saturation. From Table 
40-1 it is apparent that vegetable oils and fish oils are quite unsaturated, 
whereas solid animal fats arc composed in large part of saturated com¬ 
pounds. Partial hydrogenation, therefore, converts liquid fats into solid 
fats'suilable for conventional baking and frying methods. Unfortunately, 
this also decreases the amount of essential dietary fatty acid units avail- 
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able in the fat. The essential acids are linoleic, linolenic, and arachidonic 
acids. Tentative evidence has been obtained which links insufficient es¬ 
sential unsaturated fatty acid residues in diet to cardiovascular diseases. 

CH 3 (CH 2 ), 6 C0 2 H CH 3 (CH 2 ) 7 CH=-CH(CH 2 ) 7 C0 2 H 

stearic acid oleic acid 

CH 3 (CH 2 ) 4 CH=CHCH 2 CH=CH(CH 2 ) 7 C0 2 H 

finoleic acid 

CH 3 CH 2 CH=CHCH 2 CH=CHCH 2 CH=CH(CH 2 ) 7 C0 2 H 

Knotenic acid 

CH 3 (CH 2 ) 4 (CH=CHCH 2 ) 4 (CH 2 ) 2 CC 2 H 

arachidonic acid 

Air oxidation of multiple bonds is an important, if slow, reaction of 
unsaturated fats. The formation of low molecular weight carboxylic acids 
caused by oxidation of multiple bonds is responsible for the development 
of rancidity in unsaturated fats. This process can be inhibited by adding 
antioxidants to the fats. Such compounds as a-tocopherol (vitamin E), 
gallic acid, and ascorbic acid are suitable antioxidants. 

Air-initiated polymerization is responsible for the setting of “drying" 
oils. These are oils with high proportions of polyunsaturated fatty acid 
units, such as linoleic acid, linolenic acid, and eleostearic acid. Com¬ 
mercially useful drying oils are soy bean oil, linseed oil, tung oil, and 
menhaden oil. These are oils with especially high iodine numbers (Table 
40-1). The oils are heated to convert the double bond systems from iso¬ 
lated to conjugated. “Drying" of these oils is due to the formation of 
tough, hard, cross-linked polymer films plasticized by the small amounts 
of saturated fats present. The polymerization is promoted by the presence 
of certain metal ions, such as lead. The course of polymerization is ob¬ 
scure, but undoubtedly involves the formation of hydroperoxides at the 
allylic carbon-hydrogen bonds and cross-linking through allylic free radi¬ 
cal intermediates. 

C. Structure of Fats. 

The first step in analyzing the structures of lipids is the procurement 
of relatively homogeneous specimens. Methods involving high tempera¬ 
tures, which are likely to change the structures of lipids by transesterifica¬ 
tion and multiple bond migration or isomerization, must be avoided. 
Consequently, crystallization methods have proved to be most fruitful to 
such structural analyses. 

Hydrolysis of a sample converts 1 mole of fat to 1 mole of glycerol and 
3 moles of a mixture of fatty acids. The fatty acids are converted to 
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methyl esters, which are readily separated by vapor-phase chroma¬ 
tography. Some typical compositions of representative fats are given in 
Table 40-2. Determination of the nature and percentage of the individual 
triglycerides of which the original fat is composed is a formidable prob- 

TABLE 40-2. Fatty Acid Components of Representative Fats 
Acids from Fat Per Cent in Each of Following Fats 


Common Name IUPAC Name 




u — 
o ra 

03 h- 

Butyric 

Butanoic 


Caproic 

Hcxanoic 


Capr> lie 

Octanoic 


Capric 

Dcca noic 


Laurie 

Dodccanoic 

0.1 

Myristie 

rctradccanoic 

3 

Pa Inti tic 

Hexadccanoic 

29 

Stearic 

Octadccanoic 

20 

Arachidic 

Eicosanoic 

0.8 

Lignoccrie 

Tctracosanoic 


My ristoleic 

9-Tctradcccnoic 

0.5 

Palmitolcic 

9-Hcxadcccnoic 

2 

Oleic 

9-Ocladecenoic 

42 

Linolcic 

9,12-Ocladcca- 

dicnoic 


Linolcnic 

9,12,15-Ocla- 
decatncnoic 

0.5 

Elcostearic 

9.1 1.1 3-Ocla- 
dccatricnoic 


Arachidonic 

9.12,1 5.18-Hi- 

cosatctrcnoic 

0.1 

Clupadomc 

9.12,1 5,18,21- 
Docosapcn- 
tcnoic 


Ricinolcic 

Acids with over 

22 carbon atoms 

12-Hydroxy-9- 
ocladcccnoic 


* Including lower unv. 

itur.itcd acids 
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2 0.5 

1 8 

2 7 


2 


48 


tr 


0.1 



12 


17 

0.5 

1 


7 

0.1 


25 

2 

9 

21 

28 

6 

16 

8 

4 

9 

1 

2 

2 

13 

4 

2 

4 

1 




0.2 


0.3 


0.6 





0.3 


0.2 




6- 




0.2 


0.1 

0.1 


4 


0.2 


3 


16 

0.2 


29 

7 

6 

29 

46 

22 

15 

28 

8 

4 

3 

2 

45 

6 

17 

7 

54 

4 




2 

0.7 

51 

3 

5 

3 


80 

2 17 

I I 


87 

7 


lent. For example, a system having only two component fatty acid units 
has six possible triglycerides. AAA. A A B. ABA. ABB, BAB, and BBB 
(formulas ol three of which are I III). A system of three component acid 
units has eighteen possible triglycerides. 
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CH,OCR a ch,ocr a c 

II 

II 

o 

o 

CHOCR A < 

-HOCR' B C 

|[ 

II 

o 

O 


CHjOCR' 

O 


B 


CH 2 OCR 

II 

o 


II 

o 


ch 2 ocr 

II 

o 


A 

A 

A 


I 


II 


III 


In order to get information concerning the distribution of acyl groups 
in fats, T. P. Hilditch oxidized the mixture of glycerides in various fats to 
cleave the multiple bonds. The free acid groups which remained at the 
chain ends formed salts, hence could be readily separated from the un¬ 
oxidized saturated glycerides. Monoacidic, diacidic, and triacidic glycer¬ 
ides were then separated by fractional crystallization of their salts from 
suitable solvents. Simple analysis for dicarboxylic acids after hydrolysis 
of the glycerides gave the distributions of saturated and unsaturated acyl 
groups in the original fat. The work done thus far suggests that the 
distribution of acyl groups in a fat is essentially random. 

The structures of the fatty acids obtained by hydrolysis of fats were 
ascertained by the usual methods of structural analysis. Geometric isom¬ 
erism has been found in the fatty acids. Thus oleic acid is cis- 9-octa- 
decenoic acid, whereas elaidic acid, the isomer, is trans. When both 
isomers are available, they can be characterized by infrared spectra, which 
show fewer bands for the trans isomer and a C=C frequency about 20 
cm." 1 higher for the trans isomer. 


D. Nomenclature 


Several types of nomenclature systems are used to name glycerides. 
These are illustrated by the examples below. None of these are IUPAC 
rules names, which are so impracticable that they are never used. Greek 
letters are used where necessary to indicate positions. 


O 

CH 2 OC(CH 2 ), 6 CH 3 

O 

CHOC(CH 2 ) I6 CH 3 

o 

CH 2 OC(CH 2 ) 16 CH 3 


o 

II 

a CH 2 OC(CH 2 ), 4 CH 3 

o 

II 

0CHOC(CH 2 ), 6 CH 3 

o 

II 

a' CH 2 OC(CH 2 ), 6 CH 3 


tristearin; 
glyceryl tristearate 


ar-palmityl-a , / /3-distearin; 
glyceryl a-palmitate-a', /3-distearate 
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E. Biological Utilization of Fats and Oils 

Simple lipids are of considerable metabolic importance, representing 
both dietary sources of energy and storage reservoirs of chemical energy. 
Oxidation of fats gives more than twice as many calories per unit weight 
as oxidation of carbohydrate material. For transport, dietary triglycerides 
are emulsified by bile salts (§41-2B). The triglycerides are partly hydro¬ 
lyzed to fatty acids and monoglycerides or glycerol at the interface be¬ 
tween the fat droplets and the aqueous solution of the enzyme lipase in 
the small intestine. The emulsified hydrolysis mixture is then transported 
through the intestinal wall and reconverted to triglycerides in the lymph 
system. Triglyceride is present in blood and is the state in which lipid is 
stored in body organs and tissues. Such stored fats are called depot fats. 

F. Biogenesis and Oxidative Degradation of Fatty Acids 

Organic chemists and biochemists have been interested in the chemistry 
of the biological synthesis of fatty acids and in their utilization by 
oxidation. While the details are left to more advanced texts, it is clear 
that both processes involve two-carbon fragments, derived from acetic 
acid. Thus, as an example, the interconversion of butyric acid and acetic 
acid occurs in mitochondria via the following sequence. 


( 2 ) 

O 

II 

CHjCOH + 

HSCoA 4 ATP — 


ocetic acid 

coenzyme A adenosine 


CH 3 COSC 0 A 

triphosphate 

+ H 2 P 2 O r 2 " + AMP 


acetyl 

adenosine 


coenzyme A 

monophosphate 

(3) 

2 CHjCOSCoA 

— CH 3 COCH 2 COSCo a 4- HSCoA 


( 4 ) CHjCOCHjCOSCoA + DPNH — 

ocetoocetyl coenzyme A reduced diphospho- 

pyridine nucleotide 

CHjCHOHCHj COSCoA + DPN 4 + H 4 

(5) CH 3 CHOHCH 2 COSCoA — CHjCH=CHCOSCoA + H 2 0 

/3-hydroxybutyryl co«nzyme A crotonoyl co«nzyme A 

( 6 ) CHjCH=CHCOSCoA + TPNH + H 4 — 

reduced 

triphosphopyridine 

nucleotide 

CHjCH 2 CH 2 COSCoA + TPN 4 
n-butyryl coenzyme A 
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(7) CH 3 CH 2 CH 2 COSCoA + AMP + H 2 P 2 0 7 2_ — 

CH 3 CH 2 CH 2 C0 2 H + HSCo A + ATP 

n-butyric acid 

Each of the steps is catalyzed by an individual enzyme. The natures of 
the oxidation-reduction reagents, DPNH and TPNH, of the phosphor- 
ylated adenosines, ATP and AMP, and of coenzyme A are described in 
§39-3B. 

Other mechanisms involving malonyl coenzyme A intermediates have 
been demonstrated, and it is clear that such mechanisms are generally 
more important than the mitochondrial synthesis. In these processes 
acetyl coenzyme A is converted enzymatically to malonyl coenzyme A 
(eq. 8), and this is then converted enzymatically to long-chain fatty acids 
in the presence of TPNH and acetyl coenzyme A. The stoichiometry of 
the formation of palmitic acid is given in eq. (9). 

O • O 

(8) CH 3 COSCoA + C0 3 2- + ATP —■ HOC—CH 2 —C— SCoA 

+ ADP + HP0 4 2 ‘ 

(9) 7 HOCOCH 2 COSCoA + CH 3 COSCoA + 14 TPNH + 14 H + —* 

CH 3 (CH 2 ) u C0 2 H + 7 C0 2 + 8 HSCoA + 14TPN + + 6H 2 0 

All mechanisms require that alternate carbon atoms in the fatty acid arise 
from the methyl carbon atom of acetic acid. Tracer experiments have 
demonstrated this. 

40-2 WAXES 

Waxes differ from fats in that they are esters of high molecular weight 
alcohols. Increasing industrial use of waxes has provided impetus to 
prepare wax-like synthetic materials by polymerization and to obtain 
special waxy fractions from petroleum. These synthetic and petroleum 
waxes are not lipids. (However, some hydrocarbons do occasionally 
occur in lipids, for example, squalene, §41-2.) 

The fatty acids of which waxes are composed are of higher average 
molecular weight than those from fats. These acids in waxes are generally 
in the range of C )6 to C 36 . The alcohols are normal alcohols in the range 
of C )6 to C J6 or are sterols (§4I-2B). 

Spermaceti from the sperm whale is largely cetyl palmitate (hexadecyl 
hexadecanoate). Beeswax is rich in myricyl palmitate. 


CH, 3 (CH 2 ) u COOCH 2 (CH 2 ) u CH 3 

cetyl palmitate 


CH 3 (CH 2 ) u COOCH 2 (CH 2 ) 2B CH 3 

myricyl palmitate 
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40-3 SOAPS AND OTHER DETERGENTS 

The salts of fatty acids are commonly called soaps; alkali metal salts are 
in common use as detergents. These are somewhat costly, as the fats or 
oils from which they are derived have value as foods. They are also un¬ 
suitable for use in hard water, as the calcium and magnesium salts are 
insoluble in water. Also they cannot be used in acidic solution. Thus, 
they h-ave been supplanted in large measure by synthetic detergents. 

In general, only the alkali metal and ammonium salts of carboxylic 
acids are appreciably soluble in water. Salts of divalent or trivalent 
metal ions are insoluble, as are also those of monovalent heavy metals 
such as silver. In contrast to this behavior, nearly all the salts of sulfonic 
acids and alkyl acid sulfates are soluble in water. 

A. Colloid Chemistry of Detergents 

Detergents , or cleaning agents, belong to one of several classes of sur¬ 
face active agents ( surfactants ). These are materials which tend to con¬ 
centrate at the surface, or interface, existing between two liquids or any 
two of the three states of matter. The surfactant has a strongly polar 
group to adhere or sorb to the polar medium and a large nonpolar group 
to orient toward the nonpolar medium. 

Any surface or interface has a surface tension . or surface energy, caused 
by the unequal attractions between molecules on opposite sides. What the 
surfactant does is to lie together the two surfaces, thus diminish the 
fraction of dissimilar cohesions at the surface, and hence decrease the 
surface energy . 

I he way this operates is illustrated in several accompany ing diagrams 
d igs. 40-1 40-6). 


Fig 40 - 1 . Oricniation of Detergent Molecules 
at Surface of Water. 



• jfdeter 

© onions 0 


© 


water 


© 


0 cotion 


© 


B. Manufacture of Detergents 

The most widely used household and industrial detergent is a sodium 
alkylben/enesulfonate. The raw materials are ben/ene, propylene, and 
sulfur trioxide or fuming sulfuric acid. The propylene is polymerized 
to give mainly a tetramer, largely 

CHj CHj CHj 
CH 3 CHCH ? CHCH 2 CHCH 2 CH —CHj 
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© 

Fig. 40-2. Detergent Micelle. 



Fig. 40-3. Orientation of Detergent Anions in 
Oil Drop. 


and isomers. This olefin is used to alkylate the benzene with sulfuric 
acid or hydrofluoric acid catalyst. The dodecylbenzene is then sulfonated. 
When sulfur trioxide is used, nearly all of the reagent is utilized. The 
sulfonic acid, with some sulfuric acid, is then neutralized with sodium 
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Fig. 40-4. Alkaline Earth Soap Forming Water-in- 
Oil Emulsion. 


Fig. 40-5. Attraction of Cationic Surfactant 
to Metal Surface. 



carbonate, to give a mixture of sodium dodecylbenzenesulfonates and 
sodium sulfate. The latter is important as a “builder,” a material to im¬ 
prove soil-suspending and determent action in the product. Other builders 
used are sodium tripolyphosphate and sodium rarboxymethylcellulose. 
While these materials have little or no detergent action in themselves, 
they greatly enhance the detergency of the surfactants by favoring micelle 
formation at lower concentrations and increasing solubilization by coat¬ 
ing the surface to be cleaned. (See Fig. 40-2.) 

Sodium dodecylbenzenesulfonate was the most commonly used of all 
synthetic detergents until 1963. However, because of the methyl branches 
present on the alkyl side chain, microorganisms are unable to degrade it 



764 FATS. OILS. WAXES, AND DEiERGENTS 





® 0 


Fig. 40-6. Detergent Micelle with Absorbed Soil. 

r apidly, and the disposal problem became so great as to make its use 
illegal in some countries. It is rapidly being displaced by the sulfonate 
prepared Irom the alkylation product of benzene with linear alkem's or 
linear alcohols. The products are biodegradable (i.e., degradable by 
microorganisms). 

The next most widely used detergent type is a sodium alkyl sulfate. 
While the sulfonates are petroleum products, sulfates have been largely- 
produced from lats. The fat is reduced by sodium and ethanol or by 
catalytic hydrogenation to glycerol and a mixture of fatty alcohols (eq. 
10). The mixed or distilled alcohols are treated with sulfuric acid and 
neutralized (outline II). Products containing sodium alkyl sulfates are 
Dreft, Drene, and Irium. 

CH 2 OH 

CvCr 2 O* 

(10) RCOCH 2 CHCH 2 OCR + 6H 2 -► 3RCH 2 OH + CHOH 

O OCR O CH 2 OH 

li 

o 


R is mainly n-Cp H 2 3 (from coconut oil). 
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NOjCOj . 

(11) RCH 2 OH + H 2 S0 4 — RCH 2 0S0 2 0H -* RCH 2 OSO, No 

(cone.) 

These materials, like the alkylarenesulfonates are salts of strong acids, 
so are effective in acid solution. Furthermore, the calcium and mag¬ 
nesium salts of both types are soluble in water, so that the detergents 
are useful in hard water. This is not true for salts of fatty acids. 

The very hydrophilic triethanolammonium ion can be used instead of 
the sodium ion so as to provide highly soluble materials for concentrated 
liquid detergents, IV. Triethanolammonium salts of fatty acids. V, are 
used in shampoos for similar reasons. 

(hoch 2 ch 2 ) 3 nh + rc—o*. (hoch 2 ch 2 ),nh* 

o 

iv v 

Cationic detergents or invert soaps are used mainly lor germicidal prop¬ 
erties. These detergents are prepared from fatty amines (outline 12) or 
from alkyl chlorides and tertiary amines (eqs. 13 and 14). An example is 
Cetab. 



Cat H 2 , cot 3 CH 3 CI 

(12) RCOH + NHj -— — RC = N-- RCH 2 NH 2 - 

II A 

O 


© 



RCH 7 N(CH 3 )j + 

Cl* 



(♦> 

(13) 

RCI + <CH 3 ) 3 N 

— RN(CH 3 ) 3 + 

(U) 

RCI ♦ [0] 

- (g)) + a 


N 



I 

R 



Monionic detergents depend on poly functional hydrogen-bonding 
groups, rather than ionic charges, for their hydrophilic properties. One 
type contains polyether groups derived from ethy lene oxide and alkylated 
phenols (outline I 5). 

^ A 

H* />~'\ CH 7 CH 7 

-OH + CH 2 — CH 2 - R- ' ' • OCH 7 CH 7 OH 




(15) R ' 


OCH 2 CH 7 OCH 7 CHjOH etc. 
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Others are esters of polynydroxy compounds, such as pentaerythritol 
monoalkanoates, and monoglycerides. The latter are edible, hence used 


as food emulsifiers. 


O CH 2 OH 

CH 2 —O—c—R 

II 1 

1 II 

RCOCHjCCHiOH 

CH—OH O 

CHjOH 

CH 2 OH 

a pentaerythritol monoolkonoate 

a monoglyceride 


Nonionic detergents have special advantages over ionic detergents for 
use in acidic and alkaline solutions. They can be tailor made to any de¬ 
sirable degree of polarity from surfactants that are mainly oil-soluble to 
those that are water-soluble, and they are compatible with either anionics 
or cationics, whereas the opposite ionic types precipitate each other. 

Free fatty acids may be prepared directly from fats by acid-catalyzed 
hydrolysis. The catalyst is often /Moluenesulfonic acid (Twitchell reagent). 

C. Other Products Related to Fats 

Fats and fatty acids are important raw materials for industrial chemi¬ 
cals. The role of fatty alcohols, fatty acids, fatty nitriles, and fatty amines 
in the detergent industry has been indicated in the previous section. 

Fatty alcohols, for example, can be converted to long-chain primary 
alkyl halides, esters of low volatility, such as 2,4-D esters (Table 43-4) for 
weed killers, and long-chain urethanes for fungicides. 

Fatty amines are converted into salts of carboxylic acids, such as 2,4-D, 
2,4,5-T, and acetic acid. The acetates are used as antistatic agents on 
plastic surfaces, corrosion inhibitors, bactericides, algaecides, dispersing 
agents, and flotation agents. 

Fatty acids are converted to methyl esters for ease of refining before 
reduction or other conversions. Amides are produced from the fatty acids 
themselves or the esters. These amides are used to improve the work¬ 
ability and properties of rubber, to blend, supplement, and extend waxes, 
to improve adhesion of printing inks and varnish coatings to paper, to 
waterproof fabrics, and to promote foaming of detergents. 

40-4 COMPOUND LIPIDS 

Compound lipids are the lecithins (also called phosphatidyl cholines), 
the cephalins (or phosphatidyl ethanolamines), the phosphatidyl serines, 
the acetal phospholipids (or plasmalogens), the phosphatidic acids, the 
phosphoinositides, and the phosphosphingosides. Nonphosphate com¬ 
pound lipids are also known. 

The units of which the compound lipids are constructed are the fatty 
acids, glycerol, other polyols such as inositol, phosphate, and nitrogenous 
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bases with hydroxy groups such as ethanolamine, choline, and sphingo- 


sine. 

CH 2 OCR 

1 II 



ch 2 ocr 

■ II 

o 

dlHOCR 

II 

o 


ch 2 ocr 

II 

o 

(tHOCR 

II 

o 


© 


NH 


h 2 o—p—OCH 2 CH 2 N(CH 3 ) 3 ch 2 o--p-och 2 ch 2 nh, ch 2 o ^ och 2 chcoh 


o /X o© 

generol formula for lecithins 
(phosphatidyl cholines) 


o X o e 

cephalins 

(phosphatidyl 

ethanolomines) 


CH 2 —o 


\ 




CH—R 


CH—O 

I © 

ch 2 —o—P—o— ch 2 ch 2 nh 2 

c/\>e 

plasmalogens 
(acetal phospholipids) 


CH*OCR 

II 

o 


CHOCR 

? H I II 


OH O—P—OCH 2 



in 


suggested formulo for phosphoinositides 
(still uncertain) 



O O 

phosphatidyl serines 


II 

o 


ch 2 ocr 

II 

o 

CHOCR 

I 

o 

CH 2 —O—P-—OH 
O OH 

phosphatidic acids 


© 

CH 2 0—p—OCH 2 CH 2 N(CHj) 3 

1 © 

o 

Chnhcr 

II 

o 

CHOH 

I 

CH=CH(CH 2 ), 2 CHj 

phoiphoiphingoiidei 


OH 


HOCH 2 CH 2 N(CH 3 )jOH 

© 


© 


cholin* 


CH 2 OH 

CHNH 2 

CHOH 

CH=-CH(CH 2 ) 12 CHj 

tphingosine 
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QUESTIONS AND PROBLEMS 

1. Write structural formulas of specific compounds (not formulas with “R”) 
which represent the following terms. 


a. saturated fat 

e. 

b. diglyceride 

f. 

c. lecithin 

g- 

d. wax 

h. 


nonionic surfactant 

phosphosphingoside 

cephalin 

monounsaturated fat 


2. Write equations for the reactions that occur among the reagents listed to¬ 
gether below. Use structural formulas for organic compounds. Specify essential 
special conditions. 

a. tristearin + dilute hydrochloric 
acid 

b. a-oleyl-a’,0-dipalmitin + dilute 
sodium hydroxide 

c. glyceryl £-oleate-a,«'-dimyrist- 
oleate + iodine chloride 

3. Write the structural formula for each compound named below. Calculate 
its iodine number. 


d. glyceryl triiinoleatc + sodium + 
2-decanol 

e. glyceryl trilinoleate + hydro¬ 
gen + cupric chromite 


a. trilaurin 

b. glyceryl a-palmitate-tf-oleate-o'- 
linolenate 

4. Prove the existence of eighteen 
of three different fatty acids, 
pounds in the fat. 

5. Show how 
cal tests. 

a. a saturated liquid fat and an un¬ 
saturated liquid fat 

b. butter and oleomargarine 

c. beeswax and beef tallow 

d. beeswax and paraffin wax 


dioleylglycerylphosphatidyl- 

choline 


e. lecithin and a fat 

f. stearic acid and tallow 

g. soap and sodium alkylbenzene- 
sulfonate 


possible triglycerides containing one or more 
Write structural formulas of the different com- 

the following compounds could be distinguished by simple chemi- 
Describe the observed differences in behavior. 
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6. Explain how the molecular structure of a cationic surfactant makes it fit 
for effective use 


a. as a corrosion inhibitor on a b. as a water repellent on cement 
metal and ceramics 



Terpenes and 
Steroids 


41 


41-1 TERPENES 

Terpenes are organic compounds produced by plants, characterized by 
carbon skeletons containing ten or multiples of ten carbon atoms. Mono- 
terpenes have carbon skeletons with ten carbon atoms. Related com¬ 
pounds called sesquiterpenes, diterpenes, triterpenes, etc., have fifteen, 
twenty, or thirty carbon atoms and further multiples of the terpene 
framework. 

A. Isoprene and the Structure of Terpenes 

All simple terpenes and most polyterpenes are built up in plants from 
units having the carbon skeleton of isoprene. The isoprene rule has been 
of great value in determining structures of terpenes. The isoprene units 
are indicated in some of the basic skeletal formulas given in following 
sections. This does not mean, however, that these compounds can be 
readily cleaved or synthesized at the indicated junctures or that all ter¬ 
penes or polyterpenes follow the isoprene rule. 

B. Monoterpenes 

Monoterpenes are classified on the basis of their carbon skeletons as: 
acyclic, I; monocyclic, II and III; and bicyclic, IV-IX. In these formulas, 
dotted lines indicate bonds joining hypothetical isoprene units. (There is, 
of course, no fundamental difference between these bonds and any others 
in the same molecules.) Alternative formulations, VIIA and VIIIA, show 



I II III iv v 
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VIIA pinone 



VIIIA bornone 


the spatial organization of the important bicyclic pinane and bornane 
systems. Side chain methyl groups are often represented by lines in 
terpene formulas. The structures of several representative monoterpenes 
are given in Table 41-1. 

Terpenes may be classified narrowly to include only hydrocarbons, 
(C 5 H 8 )„, or more broadly to include oxygenated derivatives of terpene 
hydrocarbons. We shall use the latter classification. Among the acyclic 
terpenes are the hydrocarbons ocimene and myrcene, the latter being the 
principal hydrocarbon constituent of oil of bay (the essential oil of bay 
leaves). Although ocimene is shown in Table 41-1 to have an isopropenyl 

I 

group, CHj—C=CH 2 , the hydrocarbon mixture actually contains mate¬ 
rial having an isopropylidene group, (CH 3 ) 2 C=, as well. Ozonolysis of 
such mixtures, followed by reduction with zinc, gives acetone as well as 
formaldehyde. This is typical for many acyclic terpene derivatives. 
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TABLE 41-1. Some Monoterpenes and Derivatives 



ocimene 



limonene 



myrcene 



a-terpinene 



citrol a 
geranial 



CHO 



citrol b 
neral 




£-cyclocitral 


a-cyclocitral 





bornene 





Acyclic aldehydes of importance are the citrals (geranial and neral), 
which are the major components of lemon grass oil. That these are 
a,/i-unsaturated aldehydes is shown by high absorption at 2350 A. Gera- 
niol, the alcohol related to geranial, is found in geranium oil. 

Monocyclic terpene derivatives may have the />-menthane ring skeleton, 
II, or the 2,2,6-trimethylcyclohexylmethyl structure. III. While natural 
monoterpenes are largely related to menthane, acid-catalyzed cyclization 
of citral gives a mixture of «- and ^-cyclocitrals. Higher terpene deriva¬ 
tives have this ring system as well (see below). 

Two important monocyclic terpene hydrocarbons are limonene (present 
in many essential oils and in turpentine) and a-terpinene (oil of marjo¬ 
ram). The alcohol, menthol, is a constituent of oil of peppermint and is 
widely used as a flavoring agent. 
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cr-Pinene (a derivative of bicycio[3.1.1 ]heptene) is the main constituent 
of turpentine, the oil secreted by conifers. The (3 isomer also occurs in 
turpentine. The bicyclo[2.2.1]heptene derivative, bornene, is not a natural 
product, although the related ketone camphor is produced in the camphor 
tree. The hydrocarbon camphene occurs naturally; it may also be pre¬ 


pared by acid-catalyzed rearrangement of pinene. 

Among the many reactions of terpenes, the rearrangements are perhaps 
the most interesting. Studies in terpene chemistry added much to the 
knowledge of organic reaction mechanisms, in regard to both mechanisms 
of replacements and to mechanisms of skeletal rearrangements. At first 
these rearrangements caused much difficulty in the structural analysis ol 
terpenes, but once recognized, they contributed helpful information. 

Of the rearrangements two ol the most thoroughly studied are the 
Wagner-Meerwein rearrangements of camphene hydrochloride (outline 1) 
and a-pinene hydrochloride (outline 2). Epimeric bornyl chlorides are 
produced, indicating stereospecific Walden inversions during the reaction. 




hydrocam phenyl colion .»obornyl chlor.de (e-o ep.mer) 

chloride ion poir 



Cl 

bornyl chloride (endo epimer) 


pinyl cotion 
chloride ion pair 
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Reactions which typically rearrange terpenes are dehydration, addition 
of hydrogen halides, replacement of hydroxy groups with halogen atoms 
and vice versa, and treatment with strongly acid solutions. These all in¬ 
volve carbonium ion formation. 

In respect to such reactions as oxidation, ozonization, nitrosation, 
condensations, diene synthesis, and reduction, all of which have been used 
for structural analysis of these compounds, terpenes usually behave nor¬ 
mally. 

C. Sesquiterpenes 

Several representative sesquiterpenes are given in Table 41-2. Skeletal 
types are acyclic, X; monocyclic, XI; bicyclic, XII, XIII, XV, and XVI; 
and tricyclic, XIV, XVII, and XVIII. 


TABLE 41-2. Some Typical Sesquiterpenes 



fornesol, in 
oils of various 
flowers 



bisabolene, in 
oils of bergamot 
and myrrh 



zingiberene, in 
oil of ginger 



cadinene, widely 
distributed, especially in 
oil of cubeb 




eudesmol, in 
eucalyptus oil 


O 



eremophilone, from 
on Australian shrub 



guaiol, in guaiac 
wood oil 


Dehydrogenation with sulfur and selenium have proved to be invalu¬ 
able in the determination of structures of sesquiterpenes. Four products 
are obtainable, depending on the skeletal arrangements. Skeletal types 
X, XI, XII, and XIV form cadalene, XIX, upon dehydrogenation. Skele¬ 
tal type XIII loses the angular methyl group and forms eudalene, XX. 
Skeletal type XV forms vetivazulene, XXI. Skeletal types XVI, XVII, and 
XVIII form guaiazulene, XXII, the last two by cleavage of the three- 

membered ring at the bridge bond common to the two six-membered 
rings. 

The skeletal type, XXIII, of which eremophilone was the first observed 
example, dehydrogenates to eudalene, but cannot be constructed of iso- 
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CH, 


XXII 

guoiozulene 


XXIII 
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prene units. Such nonisoprene structures are believed to be formed by 
Wagner-Meerwein rearrangements during biosynthesis. 

The azulene derivatives were first noted by the development of blue 
colors during heating or oxidation of certain sesquiterpenes. Azulene 
itself is a deep blue (Sp., azul , blue), and it and its derivatives provide 
another example of a nonbenzenoid aromatic system (10 tt electrons). 
The two major valence-bond structures for azulene are shown, as well as a 
hybrid formula, XXIV, showing a dipole moment. 



azulene XXIV 


D. Diterpenes, Triterpenes, and Tetraterpenes 

A number of physiologically active compounds belong to the classes of 
di- to tetraterpenes. A number of industrially important resins and gums 
also belong to this class. Several are listed in Table 41-3. 


TABLE 41-3. Occurrence of Di-, Tri-, and Tetraterpenes 


Name 


Structure 


Occurrence 


Vitamin A t 


■CH = CHC=CHCH =CHC=CHCH jOH 

d:H, d'n, 


Fish liver oils; forms rcti 
nenej 


Retincnei 
Retinal 
(all trans) 

Agathic acid 




Rhodopsin (visual purple). 
Important in the mecha¬ 
nism of vision 

Copal resins 




Pine resin, turpentine, tall 
oil. Rosin, a mixture of 
ditcrpcnc acids, is a siz¬ 
ing agent. Its salts are 
detergents, frothing 
agents, and clay sol 
stabilizers. 

Pine oleorcsin, tall oil 



TABLE 41-3. Occurrence of Di-, Tri-, and TetraterDenes (Cont.) 


Name 


Siruclure 


x> 


Squalenc 



Occurrence 


Shark liver oil an inter¬ 
mediate in biosynthesis 
of sterols 


Olcanolic acid 



Lanosterol 



As a glycoside derivative in 
guaiac bark and sugar 
beet; free in olive and 
mistletoe leaves 


Constituent of wool fat 
(lanolin) 



Lycopene 



CH«~ CMC—CHC’ll— CHC — CHCH 


CM, 


I 

CM, 


Red pigment of 
tomato and 
watermelon 


Xanlhophylls 


/caxanthin 


HO 



C»J —CHC—CHCH—CHC—CHCH 

i i 

CH, CM, 


l 


Corn, egg yolk 


Rhodosanlhm 



—CHCH—CCH 
I 

CH, 



Red berries 


Cryptoxunthih 


.CH —CHC—CHCH 
I 


CMC—CH 




CH, 

CH, 

\ 

CH 





H 

HO / 

'Y' 

CH, 

CH, 

CH 

/ 


‘CH—CHC—CHCH—CHC —CH 


Widely distributed; one of 
a number of provitamins 
A (compounds which arc 
converted to vitamin A 
in the living organism) 


Carotenes 



H—CHC—CHCH—CHC —CH 


1 

1 

\ 

Widely distributed in 

CH, 

CH, 

\ 

CH 

plants, especially red and 



1 

yellow roots and fruits. 

CH, 

CH, 

CH 

/ 

Provitamins A. 


CH —CHC—CHCH “C HC—C H 
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E. Polyterpenes 

The two most important polyterpenes are India rubber and gutta¬ 
percha (balata). Both materials are mixtures, the main constituents of 
which are polyterpene hydrocarbons. The polyterpenes differ in that rub¬ 
ber is all cis in configuration, gutta-percha hydrocarbon all trans. Freshly 
precipitated rubber is soft, elastic, and sticky, whereas precipitated gutta¬ 
percha is hard and horny. 



rubber . gutta-percha 


41-2 STEROIDS 

Closely related, biochemically, to terpenes are the steroids, polycyclic 
compounds which perform a variety of important biochemical functions. 
The relationship between terpenes and steroids is readily apparent upon 
comparing the formulas of lanosterol, a triterpene, and cholesterol, a 
steroid. The triterpene, squalene, is a biochemical intermediate in the 



lanosterol cholesterol 


r 



ch 3 ch 3 


squalene 


perhydrocyclopentonophenanthrene 
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synthesis of lanosterol, cholesterol, and probably other steroids from 
acetate. The biochemical sequence involved in the biogenesis of lano- 
sterol is now known. The intermediates are shown in outline (3) All o! 
these are enzymatic reactions; many involve ATP or oxidation re uction 
coenzymes. For the formation of acetyl coenzyme A an acetoace > 

coenzyme A see §40-1F. 

O O 

(3) CH 3 CCH 2 CSCoA + CH 3 COSC 0 A + h 2 0 —> 

acetoacetyl 
coenzyme A 

OH 

HOCOCH 2 CCH 2 COSCoA + HSCoA — 

ch 3 

0-hydroxy-/J-methyl glutaryl 
coenzyme A 

OH 

HOCOCH 2 CCH 2 CH 2 OH 

ch 3 

/3,6-dihydroxy-/3-methylvaleric acid 
(mevalonic acid) 


-* — ch 2 =cch 2 ch 2 o—p 2 o 7 h 3 — 

ch 3 

3-methyl-3-butenyl 

pyrophosphate 


ch 3 

^c=chch 2 op 2 o 7 h 3 

CHj 

7 # 7 dimethylallyl pyrophosphate 
farnesyl pyrophosphate 



c=chch 2 ch 2 c=chch 2 op 2 o 7 h 3 

ch 3 

geronyl pyrophosphate 


squalene lanosterol 


A. Classification and Structure of Steroids 

Steroids can be subclassified on the basis of their functional groups sue 
as sterols, which are alcohols (c.g., cholesterol). Such classification e- 
comes unnecessarily complicated in the cases of polyfunctiona s eroi ., 
which tend to be classified on the basis of biological function. .All have in 
common the steroid ring system perhydropcntanophenanlhrene. n a 1 
bon, there are the characteristic angular methyl groups at positions 
(19-mcthyl) and 13 (18-methyl), and a chain of varying length at posi¬ 
tion 17 (numbered from 20 ). 

The stereochemistry of steroids is of interest, in that tv/o c asses are 
recognized on the basis of ring junctures at positions 5 and 10. W en t e 
ring juncture between rings A and B is irons, the ring system belongs 10 
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that called 5«-androstane. When this juncture is cis, the ring system is 
that called 5£-androstane. The a and 0 designations indicate arrangement 
up and down from the plane of the ring, respectively. Other representa¬ 
tions for up and down orientation are often used; for example, a dot on a 
ring means a hydrogen atom up from the ring and a dotted line means the 
attached group points down. Thus, the salient features of cholic acid are 

represented in a conventionalized formula and in the equivalent con¬ 
formational formula. 


CH 3 
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B. Some Important Steroids 

Cholesterol is the most abundant animal sterol. In plants, ergosterol is 
the principal sterol. Ergosterol is also important as a source of v itamin D : 
lor animals (see §26-9). 



C H 3 

=chchchch 3 

ch 3 


The bile salts, salts of taurocholic acid and glycocholic acid, emulsify 
food fats and aid their transport across intestinal villi to the lymphatic 
system. In these acids, the RCO groups shown in the formulas are choloyl 
groups (acyl radicals from cholic acid). 


RCNHCHjCH 2 S 0 3 H 

taurocholic acid 


o 

II 

rcnhch 2 co 2 h 

glycocholic acid 


A number of hormones are steroids. Hormones are metabolic regula¬ 
tors; their function is to control and integrate biochemical processes 
through a complex system of checks and balances. Hormones are pro¬ 
duced in the endocrine glands. 

The adrenal cortex produces the important steroid cortisone. This 
hormone balances against insulin in hexose utilization and storage. 
Medicinally, it has been used to reduce inflammation and irritation in 
joints (arthritic or stress-induced). 


O 

II 



HO 



cortisone 


testosterone 


estrone 
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OH O 




The sex hormones are steroids produced in the adrenal cortex and in the 
gonads (testes, ovaries). Their function is to regulate sexual function and 
secondary sex characteristics (those apparent differences associated with 
the sexes, such as skin texture, hair, distribution of fatty tissue). Those 
hormones associated with male characteristics are androgens , such as 
testosterone and its C| 7 oxidation derivative, androstenedione. Those 
hormones associated with female characteristics are estrogens , such as 
estrone, estradiol, and equilenin. Note that the estrogens have an aroma¬ 
tic A ring and that the methyl group at C, 0 is therefore not present. 
Progesterone is associated both with the menstrual cycle and with preg¬ 
nancy. Certain “synthetic hormones” (more properly, steroid drugs) also 
nave androgenic and estrogenic activity. A'-Androstenedione is a syn¬ 
thetic estrogen (despite its name), whereas androstenediol shows both 



estrogenic and androgenic activity. A comparison of the formulas of these 
sex hormones shows significant variation in biological activity with but 
slight variation in structure. Synthetic compounds without C (9 also show 
biological activity. Thus norethynodrel has progesterone activity and is 

used both to maintain a pregnancy in habitual aborters and to prevent 
ovulation. 

It is of interest that a nonsteroid drug, diethylstilbestrol, is a potent 
estrogen, which illustrates the fact that structure-activity relationships in 
biologically active materials are not simple. 
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OH 




diethylstilb«itrol 
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QUESTIONS AND PROBLEMS 

1. Give an explanation, illustration, or definition to show clearly what is meant 
by each of the following terms. Accompany diagrams with verbal explanation. 


a. androgen 

f. 

polyterpene 

b. a/ulenc 

g- 

sesquiterpene 

c, estrogen 

h. 

terpene 

d. hormone 

i. 

Wagner-Mcerwein rearrange¬ 

e. isoprene rule 


ment 


2. Write full structural formulas for the following terpenes. Classify them on 


the basis of their carbon skeletons, both 
carbon atoms. 

a. abietic acid 

b. cadinenc 

c. camphor 

d. geranial 
c. limonenc 


as to number and as to arrangement of 

f. menthol 

g. a-pinene 

h. selinene 

i. squalene 

j. zeaxanthin 
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3. Show how camphor might be synthesized from acetone and ethanol. Bear 
in mind the possibilities of rearrangements. Indicate necessary inorganic reagents 
and special conditions. 

4. Cite two structural features in which estrone and estradiol differ significantly 
from other sex hormones. In what way is stilbestrol related to the structures of 
these estrogens? Write formulas which show the analogous structural features by 
similar orientation of groups. 

5. Myrcene has an intense ultraviolet absorption at 2245 A (e = 14>600). 
Ocimene has similar absorption. Explain. 

6 . When ocimene is heated, it is converted to an isomer called alloocimene. 
This has an intense absorption’s! 2750 A. Ozonolysis of alloocimene, followed by 
zinc reduction of the ozonide, gives acetone and acetaldehyde. Write a suitable 
structure for allodcimene. 

7. How would the infrared and nuclear magnetic resonance spectra of geraniol 
differ from those of its allylic isomer, linalool, 

OH 

I 

(CH 3 ) 2 C=CHCH 2 CH 2 CCH=CH 2 ? 

CHj 

How would you interconvert geraniol and linalobl? Write a mechanism for this 
interconversion. 

8 . Give a reasonable reaction path for the conversion of citral to cyclocitral. 

9. There are eight stereoisomers with the menthol structure. Draw their con¬ 
formational formulas. 

10. How would one distinguish zingiberene from bisabolene by physical meth¬ 
ods? By chemical methods? 

11. Assuming that biosynthetic processes are mechanistically similar to acid- 
catalyzed reactions, show how farnesol can be transformed to bisabolene and sub¬ 
stances with the same carbon skeletons as cadinene, selinene, and eremophilone. 

12. How can one distinguish a, 0, and 7 -terpmenes? /d-Terpinene is l-iso- 
propyl-4-methylidenecyclohexene. 7 -Terpinene is l-methyl-4-isopropyl-l,4-cyclo- 
hexadiene. 

13. Show how the interconversion of 7 , 7 -dimethylallyl pyrophosphate to 
farnesyl pyrophosphate and of squalene to the ring system involved in lanosterol 
can be accommodated to carbonium ion mechanisms. 
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42-1 SIMPLE AND COMMON FUSED HETEROCYCLES 
AND THEIR DERIVATIVES 

Heterocycles are cyclic compounds which have more than one kind of 
atom in the ring. (Gk., heieros, other, + cycle). Some heterocycles, such 
as cyclic anhydrides and imides, lactides, lactones and lactams, and cyclic 
acetal forms of carbohydrates, have already been discussed. 


A. Occurrence 

Vast numbers of heterocycles are of great importance to life. Some are 
the amino acids prolinc, hydroxyproline, and tryptophan and the co- 
enzymes considered in Chapter 38 and others considered later in this 
chapter. 

CH—CH 

II II 

CH CH 

V 


thiophene 


The occurrence of thiophene in the benzene fraction of coal tar was 
discovered by Victor Meyer in dramatic fashion. Adolf von Baeyer had 
developed the indophenin test, which he believed was specific for benzene. 
The liquid is shaken with concentrated sulfuric acid and a little isatin. 


( 1 ) 2 



H 



itatin 



+ 2 HjO 


H 
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Meyer, in a lecture demonstration and using a sample of benzene prepared 
from sodium benzoate, failed to get the expected blue color. Meyer’s 
later investigation revealed that thiophene present in small amounts in the 
coal tar fraction, not benzene, was responsible for the test. The reaction 
is a condensation between thiophene and the isatin (eq. 1). Other a,/3- 
diketones also condense with thiophene. 

A number of heterocyclic compounds not obtainable as such from 
natural sources are readily prepared from naturally occurring compounds. 

B. Nomenclature 

Like carbocyclic compounds, heterocycles exist in both simple ring 
systems and condensed ring systems. The IUPAC system provides suf¬ 
fixes for ring size and degree of unsaturation for simple rings, and pre¬ 
fixes to indicate the number and kind of hetero atoms. Table 42-1 gives 
the suffixes for rings containing up to ten atoms. Prefixes to designate 
hetero atoms are ox(a)-, —O—; thi(a)-, —S—; az(a)-, —N=; selen(a)-, 
phosph(a)-, etc. The usual numerical prefixes indicate multiplicity of 
hetero atoms. Examples of common and systematic nomenclature of the 
more important simple ring systems are given in Tables 42-2 and 42-3. 
Ring formulas in this chapter are written in line abbreviations. All double 
or triple bonds are shown. 


TABLE 42-1. Suffixes of Simple Heterocycles 


Total 

Atoms 

in 

Ring 

Without Nitrogen 

With Nitrogen 

Most Un¬ 
saturated 

One 

Double 

Bond 8 

Saturated 

Most Un¬ 
saturated 

One 

Double 

Bond 8 

Saturated 8 

3 

— - 

-irene 

-irane 

— 

-rine 

-iridine 

4 

-ele 

-etene 

-etane 

-ete 

-etine 

-etidine 

5 

-ole 

-olene 

-olanc 

-ole 

-oline 

-olidine 

6 

-in 


-inane 

-ine 






or -ane 




7 

-epin 


-epane 

-epine 



8 

-ocin 


-ocane 

-ocine 



9 

-onin 


-onane 

-onine 



10 

-ccin 


-ecane 

-ecine 




*For ring sizes of six or more atoms, prefixes dihydro-, tetrahydro-, etc. arc placed before the name of 
the most unsaiuraicd forms. The prefix for the saturated nitrogen-containing hctcrocyclc is perhydro-. 


Condensed ring systems and simple ring systems of more than ten ring 
atoms are to be named, according to IUPAC recommendation, by using 
the hetero atom prefixes with position numbers on the names of the cor¬ 
responding carbocycles. Examples are given in Table 42-3. 


TABLE 42-2. Nomenclature of Simple Heterocycles 


Structure 


V 


Common Name IUPAC Name 

Ethylene oxide Oxirane 

Epoxycthane* 



Ethylenimine 


Aziridine 


Urete 


1,3-Diazcte 



Tctrahydrofuran Oxolane 



Thiophene 


Thiole 


0-Pyrroline 


A 2 -Azoline 



y-Pyrroline 


A J -Azoline 


Pyrrolidine Azolidine 



Oxazole 


1,3-Oxazole 


*Thi» alternative it preferred when the name it simplified by its use. 
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TABLE 42-2. 
Structure 


Nomenclature of Simple Heterocycles (cont.) 


Common Name IUPAC Name 




Imidazole 


y-Pyran 


1,3-Diazole 


l,4H-Oxin 



a-Pyran 


l,2H-Oxin 


p-Dioxane, 

Diethylene dioxide 


1,4-Dioxane 



Pyrazine 


1,4-Diazine 



Pyridazine 


1,2-Diazine 

> 


American usage (Chemical Abstracts) differs from the IUPAC reconi 
mendation. In the C.A. system, fused ring systems are named from their 
simple components. The added rings are denoted by prefixes such as 
benzo-, naphtho-, pyrrolo- ( azolo -), and the like. The Ring Index (Appen¬ 
dix II, §11-2) gives details and many examples. (See also Table 42-3.) 

C. Syntheses 

Methods used to synthesize heterocyclic compounds can be classed 
under three main headings: ring formation by adaptations of conven¬ 
tional reactions, unconventional reactions applicable only to cyclization, 
and modification of already formed heterocycles. 
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TABLE 42-3. Nomenclature of Condensed Heterocycles 


Structure 


Common Name IUPAC Name* 


C.A. Systematic 
Name* 1 


5 f(Vt 

6’-^ A 2 

7 ? 


Thianaphlhene l-Thiaindcne 


Benzo(b|thiophcnc 


Indole 


l-Azindcne 


l-Bcnzolblpyrrolc 

(Indole) 




Isoindole 


2-Azindcne 


2-Benzole] pyrrole 
(Isoindole) 


rx 


Quinoline 


I -Azanaphthalene Bcnzo(b)pyridine 

(Quinoline) 


6 < 


Isoquinolinc 2-Azanaphthalene 


Benzo|c|pyridinc 

(Isoqumoline) 


Dibenzofuran 


Dibcn/o|b.d)furan 


tr* 


(DI mx 

* V, ' 


Carbazole 


Dibcnzo|b.d|pyrrolc 

(Carbu/olc) 


O y i 

O.’/ 

5 ° 4 
10 


Xanlhcnc 


9.10-Dihydro- 
10-oxanthracenc 


Dibcn/o|b,c)py ran 
(Xanlhcnc) 


j-j. 


5 to 4 


Acridine 


10- A/anlhracenc 


D i ben/o|b.c | pyridine 
(Acridine) 
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TABLE 42-3. Nomenclature of Condensed Heterocycles (cont.) __ 

Structure Common Name IUPAC Name* C.A. Systematic 


Name 



OH 



Quinazoline 

1.3-Diazanaphthalene 

Benzo(d]pyrimidine 


(Quinazoline) 

Quinoxaline 

1,4-Diazanaphthalene 

Benzo|b]pyrazine 


(Quinoxaline) 


Alloxazine 

1,3.9,10-Tetra- 

Pyrimido-(4,5-b)- 


zanthraccne- 

quinoxaline-2,4-diol 


2.4-dio! c 

(Benzo|glpieridine- 



2.4(1 H,3H)-dione) 


‘Satisfactory systems for polycyclic hetcrocycles are yet to be developed by the IUPAC. Hctero 
a'om substitution names break down where systematic names for parent hydrocarbons are lacking. The 
IUPAC now accepts the C.A. system as well as substitution names. . 

b Although systematic names can be constructed as shown for the Chemical Abstracts system, the 
names actually indexed in Chemical Abstracts are those in parentheses, where these differ from the sys¬ 
tematic names. 

c Numbenng for the parent hydrocarbon differs from the C.A. numbering of the heterocycle, hence the 
IUPAC name is inconsistent with numbering in The Ring Index. 


(1) Cyclization by Modifications of Conventional Reactions. The ease of 
formation of five- and six-membered rings has been pointed out on several 
occasions (§5-2C, §12-1C, §17-3F, §18-2D, §22-3 and Chapter 29). This 
tendency to ring formation is so great that rings can often be closed by 
reactions which would fail to form open chain compounds because of 
unfavorable point of equilibrium or prevalence of side reactions. The 
great ease of formation of cyclic anhydrides and imides is a familiar exam¬ 
ple. Thus, many ring closures involve conventional reactions preceded by 
enolization, or electrophilic reactions of very weak electrophiles, or 
nucleophilic reactions of very weak nucleophiles. Some examples are 
given in the discussion of specific systems. The field is much too broad 
even to be summarized in ai. introductory book. 

D. Three-Membered Ring Systems 

Epoxides (oxiranes) and alkyleneimines (aziridines) are the most im¬ 
portant of the three-membered heterocycles. The epoxides are readily 
prepared by peroxidation reactions (§27-3A). Like small carbocycles, 
small heterocyclic rings are readily cleaved. Epoxy rings are readily 
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opened by acidic reagents and by nucleophiles. The ring openings are 
usually stereospecific and occur with inversion. 



H OH 

M* I f 

HjO -- CH 3 C—CCH 3 

OH H 


c#i-2,3-epoxybutane 


Dl-2,3-butanediol 


(3) 

CHj—CHj + R"OH 
O 



ROCHjCHjOH 


CHj—CHj 

\/ 


H 


ROCHjCHjOCHjCHjOH, etc. 


ethylene 

oxide 


ethylene glycol 
monoalkyl ether, 
olkyl cellosolve 



CHj—CH, + NH 3 
O 


HOCHjCHjNH, 

ethanolamine 


diethylene glycol 
monoolkyl ether 


CHj —CHj 

o 


(HOCHjCHj),NH — 


diethanolamine 


(HOCHjCHj)jN 


triethanolamine 


E. Four-Membered Ring Systems 

The 0-lactone system was pointed out as occurring in ketene dimer 
(§18-3). A similar ring occurs in the antibiotic family known as penicillins, 
such as benzylpenicillin (penicillin G); this is the 0-lactam ring in the 
center of the compound. In general, the occurrence of four-membered 
hcterocycles in nature is much rarer than that of larger rings. 

°Na® 



penicillin G 


F. Five-Membered Ring Systems 


Typical representatives of the fivc-membered ring systems are furan, 
thiophene, and pyrrole. Fused with benzene rings, these form benzo- 
furan, thianaphthene, and indole. 




D 

# A 4 ' 





furen 


thiophene 


pyrrole 


benzofuron 


thionophthene 


indole 
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Furan derivatives are commercially important by-products of the grain 
industries. The most important of these is furfural. This compound is 
produced in commercial quantities by the action of strong acid on cereal 
wastes, such as oat hulls, rice hulls, and corn cobs (outline 5). The alde¬ 
hyde is distilled out of the reaction mixture. 


(5) 


H 


H 


HO 


H-bO 


H 


O' 


or 


-OH 


CHj + OH 


H 


\ 


H H 


_l" \ . 

HjO. H + 


H 


H 


O- 

H 


I 

H 


OH 


CHjOH 
pentosons 


HO 

HO 


/ 


OH 


H + 


CH 2 OH 


H H 

pentoses 


OH 


O 

furfural 


CHO 


Substituted furans can be synthesized from diketones (outline 6). 


ch 2 —ch 2 

(6) R—C c— R' 

II II 

o o 



CH—CH 2 

II i 

R—C C—R' 

x O \ 

OH 


h 2 so 4 



+ 



Pyrrole rings occur in a large number of biochemical products and 
intermediates, some of which are considered later. The dye, indigo, and 
its derivatives, isatin (§42-1 A), and indoxyl, below, are several of com¬ 
mercial importance. Indoxyl is prepared from aniline by the sequence of 
steps illustrated in eqs. (7) through (10). Indoxyl is a water-soluble mate- 




+ CH 2 =0 + C=N“ 


NoHSO, 


NHCH 2 CN + OH" 
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(8) <(3^ nh ch,cn 


H 2 0 + OH ' 





H,0 


( 10 ) 



NoNH a 

240* 



HjO 


■ndox 


y 1 


rial which is oxidized by air on a fabric to form the deep blue dye, indigo 

(cq. ID- 


( 11 ) 



indigo 

(1) Physical Properties. Physical properties of heterocycles are con¬ 
sistent with those of other compounds of similar polarity and planarity. 
Just as cycloalkanes and arenes have boiling points somewhat higher than 
those of open-chain isomers, heterocycles have boiling points somewhat 
higher than corresponding ethers, sulfides, imines, and secondary amines 
of open structure. Substituent groups on the rings have effects on physical 
properties similar to such groups in other organic combinations. Pyrrole 
has an unusually high boiling point. 

(2) Chemical Properties. Furan, thiophene, pyrrole, and their benzo 
derivatives show chemical properties of typical aromatic systems, such as 
electrophilic substitution and high thermal stability. It may be recalled 
that aromaticity is associated with a closed six-electron n orbital system 
(§7-3A). It may also be noted that these fivc-mcmbered rings contain, in 
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Fig. 42-1. MO Diagrams for Pyrrole and 
Thiophene. 

addition to those electrons involved in annular and extraannular a- 
orbitals, four p electrons from the carbon atoms and one unshared elec¬ 
tron pair from the hetero atom. This makes available the required six 
electrons for an aromatic x-orbital system (Fig. 42-1). 

Since an electron pair is thus removed from the control of the hetero 
atom and placed in the overall pi orbital system, the hetero atom acquires 
a partial positive charge, the balance of the ring a partial negative charge. 
The intermediate sigma complexes (see below) involved in electrophilic 
substitution have charge distributions energetically little different from 
those of the corresponding substrate molecules, so that lower free energies 
of activation result than that with benzene. Thus, electrophilic substitu¬ 
tion occurs much more readily in such heterocycles than in analogous 
carbocycles. Since charge delocalization in the a complex is better than 
that in the /S complex, the transition state leading to the a complex has 
the lower energy, and a-substitution prevails. 



0 sigma complex 


However, the hetero atom may be a sensitive point in the ring; strong 
Br^nsted acids must be avoided in substitutions in furan lest the ring be 
opened. Thus, special reagents must be used for substitutions, such as 
nitric acid and acetic anhydride instead of nitric acid and sulfuric acid, or 
pyridine-sulfur trioxide complex instead of fuming sulfuric acid. 

The ease of substitution in several aromatic systems is pyrrole > 
furan > thiophene > benzene. Thus pyrrole reacts with even dilute solu¬ 
tions of bromine to give tetrabromopyrrole, while furan may be bromi- 
nated in a controlled fashion with bromine and without a catalyst, al¬ 
though in poor yields (side reactions occur). The bromination of benzene 
requires Lewis acid catalysis (§16-3A), while thiophene brominates in 
either or both a positions without such a catalyst. 
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(12) II J + 4B, 2 
I 

H 

pyrrole 


br Br 



H 


2,3,4,5-tetrabromopyrrole 


A HBr 



furon 2-bromofuran 



2,5-dibromofwran 



2,3,5-tribromoluran 




thiophene 2-bromolhiophene 2 . 5 -dibromothiophene 


The resemblence of ihiophene. furan, and pyrrole and their substitu¬ 
tion derivatives to benzene and its substitution derivatives in chemical, 
physical, and sometimes physiological properties gives rise to the concept 
of isosteres. Aromatic character in terms of resonance energy shows 
the following groups to be roughly equivalent when attached to the 
—CH=CH— CH=CH— system: 

—O— < — NH— = — S— * —CH = CH— < — N = CH — 

Isosteres are compounds related by interchange of these groups. 

One more important consequence of the involvement of an electron 
pair from the hetcro atom in the atomatic 7r-orbital system is the low 
basicity of pyrrole. The nitrogen atom no longer controls its unshared 
electron pair; this delocalization makes the electron pair unavailable lor 
protonation without disturbing the aromatic orbitals. Since this involves 
much more energy input than usual protonations, the pyrrolium ion is less 
stable than other ammonium ions, and the acid-base equilibrium favors 
free pyrrole in dilute acids. Pyrrole is a neutral compound with a base 
strength of the same order as that of water. It does protonate in the 
presence of very strong acids with the destruction of the aromatic sextet. 
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Partial or complete saturation of rings removes the possibility of aro¬ 
matic electron delocalization. Thus, dihydrofuran, tetrahydrofuran, tetra- 
hydrothiophene, pyrrolines, and pyrrolidine resemble in chemical proper¬ 
ties the respective open-chain ethers, sulfides, and amines of equivalent 
saturation. 


o 

O 



1 

H 

1 

H 

dihydrofuran 

tetrahydro¬ 

furan 

tetrohydro- 

thiophene 

1 -pyrroline 3-pyrroline 

pyrrolidine 


G. Six-Membered Heterocyclic Rings 

Typical six-membered ring systems are the a and y pyrans, pyridine 
and the benzopyridines, quinoline and isoquinoline. Pyridine is a com¬ 
mercially important solvent and raw material (as in the preparation of 
cationic surfactants, §40-3B). Pyridine, quinoline, and isoquinoline form 



a-pyron >-pyron 



the basic systems for a number of naturally occurring and synthetic drugs 
(Table 42-4). 

8-Hydroxyquinoline (oxine) is a quantitative precipitant for a number 
of metal ions and is used most extensively for aluminum (eq. 16) and 
magnesium. The oxinate is a neutral chelate (Gk., chela , crab claw) in¬ 
soluble in water. 



The simple pyrans have not been found or prepared. Their derivatives, 
however, figure largely in naturally occurring materials. The anthocyanins 
are flower pigments with structures such as I, in which R may be various 
carbohydrate units. Dicoumarol, an anticoagulant responsible for sweet 
clover disease of livestock, and coumarin, a flavoring agent resembling 
vanilla are naturally produced unsaturated 5-lactones (a-pyrones) (see p. 
798). 

(1) Syntheses of Six-Membered Heterocyclic Rings. Of the many methods 
of preparing pyridine rings, the Hantzsch synthesis (eqs. 17-19) is a typi¬ 
cal example. 



TABLE 42-4. Some Representative Drugs 


Name 


Nicotine 


Structure 


Comments 



Principal alkaloid in to¬ 
bacco; used as insecti¬ 
cide; also highly toxic to 
mammals 


Quinine 



Antimalarial from cin¬ 
chona bark 


Papaverine 


CHjO 



CHjO 


I 

CH, 



^OCH, 

X OCH, 


Antispasmodic; from 
opium poppy 


Morphine 



Pain killer; from opium 
poppy; codeine is the 
methyl ether at phenolic 
O; heroin is the diacelate 
ester 


Plaimochin 

(Pamaquin) 


CHjO 


N 


NH 

I 


CH,CHCH,C'H,CH)N(C|H,), 


Synthetic antimalarial 


CH jCHCHjCHjCHj N(Cj Hi)j 


Alabrin 

(Quinacrinc) CHjO 




NH 

) 


N 


Synthetic antimalarial 


Cl 
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OR 


OH 


OH 




coumonn 


(17) CH 3 CCH 2 COC 2 H 5 
O O 


CH 2 


+ CH,=0 


(C 2 H 5 ) 2 NH 


ch 3 cccoc 2 h 5 

o o 


+ h 2 o 


(18) C 2 H 5 0C 


\ 


CH 


/ C % 

CH 3 O 


ch 2 COCjHj 

V 

I 

/ c \ 

o ch 3 


+ NH 


C 2 H 3 OC CHj COCjHj 

\ / \ / 

CH CH 


+ NH 


C 

/\ 

ch 3 o 

o 

(19) 3C 2 HjOC 


C 

// \ 

o ch 3 




o 

II 

COC 2 Hj 


+ 2CrOj + 6 H + 


CH 3 COOH 


CH 3 ^ " ^ch 

I 

H 

O O 



+ 2Cr 3 + + 6 H 2 0 


Syntheses of condensed heterocycles may involve condensation at active 
positions in an aromatic ring. Such are the Skraup syntheses of quino¬ 
lines (eqs. 20 22) and the Bischler-Napieralski synthesis of isoquinolines 
(eq. 23). Note that eq. (21) combines a ring closure, a dehydration, and 
an oxidation. The reaction represented by eq. (22) has sometimes col¬ 
loquially been called a “shotgun reaction"; it represents a type developed 
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by early chemists in which everything was thrown together at once, heated 
to “shoot the works,” and some of the desired product (hopefully) 

collected. 


0=CR' 


o=CR 


(20) 

OL + 

CH 



(21) 

R' 



0 —c 

^CH, 

_ I 

+ AsjOj 

2 rr 

,1 CH—R 




/ 

NH 


CHj 

I 

CH—R 


R' 



+ A.sj 0 3 + 4H 2 0 


/ 

NH 


( 22 ) 


CHjOH 


2 C^HjNHj + C«H 5 NOj + 3 CHOH 

CH 2 OH 

OH 


HjSO, 


+ iih 2 o 


^^N 

quinoline 


✓ 




+ 2 HjO 


(2) Chemical Properties. Again, aromatic character is evident in many 
important heterocycles with six-membered rings. This is not unexpected 
in pyridine and its derivatives, since these are analogs of carbocyclic 
arenes in which N has replaced CH. In pyran derivatives, however, an 
aromatic system can be formed only when the oxygen atom acquires a 
formal positive charge. Thus, charge separation and consequent high 
polarity is evident in a- and 7 -pyrones and their benzo derivatives, the 
coumarins and chromones. The participation ol charged and uncharged 



• *♦ 
11 


chromon* 



800 HETEROCYCLES 


valence-bond structures with different apparent types of aromatic systems 
in the actual resonance hybrid (II for 7 -pyrones) makes these highly com¬ 
plex aromatic systems difficult to analyze by the usual empirical ap¬ 
proaches and also difficult to analyze by quantum mechanical approxima¬ 
tions. Absorption maxima are shifted toward longer wavelengths (§33-2C) 
with the result that some of the salts of these compounds show color. 
Thus, for example, the chromonium salts arc highly colored. 



Reference to formula I shows that anthocyanins have an analogous, but 
still more complex system, the colors of which depend on pH; it is thus 
possible in special cases (e.g., the hydrangea) to produce flowers of dif¬ 
ferent color by growing a plant in soil of different pH. More usually, the 
pH of the plant is internally regulated, but differs from one variety to 
another, so that a range of colors is possible by utilization of a single 
pigment. Factors other than pH also affect the system. Plant pH varies 
from 6.8 to 7.1, rather than 3 to 11, (outline 25). In this outline R repre¬ 
sents H or a sugar unit. 


(25) 



purple. pH 9 (in vitro) 



-H* 
+ H * 


HO 


OR 

.OR 




blue. pH 1 1 (in vitro) 


Pyrilium salts are aromatic systems which are derived from pyrans. 
1 he red form ol anthocyanins (outline 25) is so classified, as are the 
simpler triphenylpyrilium salts formed from various ketones under the 
influence of strong acids (outline 26). Related compounds are dyes of 
commercial importance, called xanthenes from the parent system. 
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(CHj)jN 


N(CH 3 ) 7 


xonthene 


pyronine O. o red xonthene dye 


Note that aromaticity does not decrease the basicity of pyridine, since 
the unshared electron pair on the nitrogen atom is not involved in the 
aromatic orbitals. However, the differences in aromaticity of the Bryinsted 
conjugate pairs in pyrone and pyrilium systems have strong influences on 
the acid-base equilibria of these compounds, as well as their ring-opening 
reactions. In general, pyrans, pyrones, and pyrilium salts are stable to 
acids, but readily cleaved by base. Thus, treatment of a pyrilium salt with 
ammonia or ammonium carbonate readily affords a pyridine by way of a 
ring opening and ring closure (eq. 27). 




+ 2H,Q + 


CO-,(g) 
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The inductive effect of the nitrogen atom in a pyridine increases the 
positive character of the ring, an influence detrimental to the stability of 
an electrophilic sigma complex, but favorable to the stability of a nucleo¬ 
philic sigma complex. Thus, pyridines undergo electrophilic aromatic 
substitution much less readily than analogous carbocyclic arenes, but are 
readily substituted by strong nucleophiles, such as sodamide (eq. 28 and 
29). Nucleophilic substitution occurs preferentially, as shown, in the on- 
position (2-position), or if this is blocked, in the y-position (4-position). 
Electrophilic substitution occurs preferentially, but with difficulty, in the 
/3-position. 



pyridine 



+ H 2 (g) 





2-aminopyridine 


The partly or fully saturated derivatives of pyridine and the pyrans have 
no aromatic character and resemble open-chain amines and ethers of com¬ 
parable saturation. The most important of these is piperidine. The 



piperidine coniine piperine 


basicity of this compound and its derivatives is of interest in certain 
inorganic and analytical chemical uses such as complexing agents; the 
piperidine ring occurs in a number of naturally occurring alkaloids, such 
as coniine, which was the main constituent in the hemlock of Socrates, 
and piperine, an important constituent of black pepper. 


H. Bridged Polycyclic Heterocycles 

Heterocycles with bridged ring systems are very common among the 
alkaloids. These are plant products of bitter taste and generally basic 
character, with often very striking physiological effects in vertebrate ani¬ 
mal systems. Most alkaloids seem to have little effect on their parent 
organisms; for example, tomato plants grafted to tobacco roots, and thus 
containing nicotine, have no apparent differences in growth characteristics 
from normal tomato plants. Similarly, tobacco plants grafted to tomato 
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roots, and thus lacking nicotine, apparently do not differ in growth char¬ 
acteristics from normal tobacco plants. 

Some examples of alkaloids with bridged systems have been given. 
Quinine (Table 42-4) has the quinuclidine (l-azabicyclo[2.2.2]octane) ring. 
Morphine (Table 42-4) has a complex formula with the spatial arrange¬ 
ment shown below. From this, it can be seen that the phenyl group and 
carbon 10 form a bridge across positions 9 and 13 in the octahydroiso- 
quinoline system, or carbon 14 forms the bridge across a benzoazacyclo- 



quinuclidine 




octane system, depending on the point of view . The most common view¬ 
point is that the nitrogen atom and carbons numbered 15 and 16 form a 
bridge across a hexahydrophenanlhrene system, carbons I 14. (This 
points up the difficulty of deciding upon a parent system for systematic 
nomenclature in such complex compounds.) 

Another complex polycyclic bridge alkaloid is strychnine, a cardiac 
stimulant and rodenticide. The nitrogen atom numbered I is the center of 
a bridge across the cyclohexane ring in the center of the formula. 

A large number of alkaloids of medicinal importance belong to the 
tropine group. These have the tropane (A/-mcthyl-8-a/abicyclo(3.2.1 ]oc- 
tanc) ring. Representatives of this class are cocaine, an alkaloid found in 
coca leaves and a narcotic used formerly as a local or topical anesthetic. 
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O O 


tropone cocaine atropine 

but abandoned because it causes addiction, and atropine, a belladonna 
alkaloid, very toxic, but used to relax smooth muscle tissue and as an 
antidote for phosphate nerve poisons (such as the insecticide parathion). 

I. Heterocycles with More than One Hetero Atom 

The fundamental systems of a number of important biochemical agents 
and drugs are imidazole, pyrimidine, and purine. These compounds, like 



imidazole pyrimidine purine creatinine 


the analogous pyrrole, pyridine, and indole, are aromatic, but some of 
their biochemically important substitution derivatives have groups which 
prevent some portion of the compound from forming a closed aromatic 
orbital system. 

Creatinine is an imidazole derivative w'hich is excreted as a biodegrada¬ 
tion product of creatine, the /V-phosphoryl derivative of w'hich is a source 
of methyl groups in biosynthesis. 


hn ch 3 

% / 

C — N O 

/ \ II 

H 2 N CH 2 — COH 

creatine 



Participation of pyrimidine derivatives in important enzymes (§39-3B) 
and cell grow th regulators (§43-3) leaves an opening for structurally re¬ 
lated compounds to interrupt or divert biochemical processes. Such may 
be the mechanism of action of the hypnotics and soporifics called barbjtu- 
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rates , since they are derivatives of barbituric acid. (Note that barbituric 
acid may be represented by the imidol structure (111A) and the amide 
structure (111B). These powerful, sleep-inducing, mildly habit-forming 
drugs are prepared from substituted malonic esters (generally from the 
malonic ester synthesis (§21-6) and urea (eq. 30). 






HN^ _NH 
C 



+ 


2 CjH s OH 


Some common barbiturates are veronal (barbital), R = R' = C 2 H 5 ; amy- 
tal, R = C 2 H s , R' = (CH,) 2 CHCH 2 CH 2 ; phenobarbital, R = C 2 H 5 , 
R' = C 6 H 5 , and pentobarbital, R = C 2 H 5 , R' = CH } CH 2 CH 2 CH. These 

CH, 

compounds are generally used as their sodium salts (the imide hydrogens 
are acidic). The sodium salt of the thio analog of pentobarbital, sodium 
pentothal (sodium thiopental), is used as a systemic and spinal anesthetic. 
It is prepared from thiourea and the appropriate malonate derivative. 



sodium pentofhol 


(1) Synthesis of Five-Membered Heterocyclic Rings with More Than One Hetero 
Atom by 1,3-Dipolar Addition. A variety of compounds which have struc¬ 
tural formulas for which one contributing valence-bond structure may be 
written as A* — B — D (with appropriate multiple bonds where necessary) 
add to unsaturated compounds to form five-membered rings. 


(31) 




A good example is the reaction of norbornene with phenyl a/ide, a reac¬ 
tion diagnostic of “strained” double bonds, to form a triazoline ring. 
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Ph Ph 

phenyl azide norbornene 



Other examples of such reactions already considered include the rear¬ 
rangement of molozonides to ozonides (§27-IB) and the formation of 
pyrazolines from diazoalkanes and olefins (§24-3A). The reaction type is a 
general one for the preparation of heterocyclic compounds. Even sub¬ 
stituted pentazoles have been prepared, although such compounds are 
highly unstable. 

N=N 

\ 

N—R 

/ 

N=N 

alkylpentozole 


42-2 PORPHYRINS 

Porphin is a compound having four pyrrole rings connected by methine 
groups at the 2-positions in a larger, resonating ring system. This ring 
system is the parent nucleus for a large number of physiologically impor¬ 
tant materials, such as hemoglobin, chlorophyll, and the cytochromes. 
Such materials are classed as porphyrins. 



P° r phi° porphyrin system 


Most naturally occurring porphyrins conform to a structure such as 
that shown. The metal derivatives have magnesium, iron, copper, or 
other metallic ions in place of the two centrally located hydrogen atoms, 
and coordinated with the remaining two nitrogen atoms. 
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metal-porphyrin coordination systems 




A. Occurrence and Biological Utilization of Porphyrins 

Hemoglobin is a chromoprotein which contains four heme units at¬ 
tached to a polypeptide chain. The heme units are ferroporphyrin units 
which carry oxygen in the blood. 

Ferric cytochromes are oxidizing enzymes widely distributed among 
living organisms, in both the animal kingdom and the plant kingdom. 
These are chromoproteins with ferriporphyrin prosthetic groups (§39-3B). 

Chlorophylls are magnesioporphyrins, the roles of which are to absorb 
energy from red light radiation, and, thus activated, to reduce (through a 
sequence of reactions, §38-2B) water and carbon dioxide to glucose. 




chlorophyll b 
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Phy = CH 3 CHCH 2 CH 2 CH 2 CHCH 2 CH 2 CH 2 CHCH 2 CH 2 CH 2 C==CHCH 2 — 

ch 3 ch 3 ch 3 ch 3 

phytyl 

B. Structures of Porphyrins 

The structures of porphyrins were considered to be elucidated only after 
a large number of degradations and syntheses, interlocking and cross- 
linked, had given the maximum probability of certainty of the structures 
of the numerous intermediates and final products. Much of the work was 
done by Hans Fischer, for which he received the Nobel Prize in 1930. 

Degradation of a porphyrin with hydrogen iodide gives a number of 
pyrrole compounds, all containing a methyl group in the 3-position and 
either an ethyl group or a propionic acid group in the 4-position. Four 
variants of each of these types were obtained, the 2-methyl, 5-methyl, 
2,5-dimethyl, and the compound without alpha methyl groups. These 
results suggested that the pyrrole rings were connected by one-carbon 
units at the alpha positions which formed a chain or ring of pyrrole units. 
Molecular weights of porphyrins agreed with compounds having four 

pyrrole units. The basic porphin ring structure was early considered a 
likely possibility. 

To test the porphin ring theory, several known porphyrins and 
porphyrin-like compounds were synthesized. To make sure of the ar¬ 
rangement of groups on the 1,2,3,4,5,6,7,8-positions, the pyrroles were 
synthesized in several different ways, represented diagrammatically by 
big. 42-2. Each segment of the diagram represents a pyrrole ring. 

To establish the porphin ring, three different tetramethyldipyrryl- 
methenes, represented by semicircles in Fig. 42-2A, were prepared. The 
first had bromine atoms on both terminal alpha positions, represented by 
notches. The second had bromomethyl groups on both terminal alpha 
positions, represented by burrs. The third had one alpha bromine atom 
and one bromomethyl-substituted alpha position. Treatment of a mixture 
of the first two with acid gave a tetrapyrrole compound identical with 
the product of treatment of the third alone with acid. The tetrapyrrole 
compound had the typical porphyrin absorption spectrum. Since the dif¬ 
ferences in alpha substituents gave no differences in product, the alpha 
methylene groups must have been involved in connecting the dipyrryl- 
methene units together. A large ring compound is the logical outcome, 
since the groups at each end should behave alike. 

Proof of the ring structure depended on assembling a tetrapyrrole with 
at least three different sets of substituents, represented by 1,2, and 3 in 
Fig. 42-2B and C. To get the same product by putting together the dif- 
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B C 


Fig. 42-2. Schematic Representation of Synthesis of Porphyrins from Pyrroles. 

ferent sets of halves, 1-1 and 2-3, or 1-2 and 3-1, requires a cyclic structure 
(Fig. 42-2B) rather than linear structures (Fig. 42-2C). 

The problem then resolved to the synthesis of pyrroles with different 
substituent groups in different positions such that the positions of sub¬ 
stituents were unequivocal, and then piecing the parts together in such a 
way that the order of substituents about the porphyrin ring was un¬ 
mistakable. The first part of the task was the more difficult. The positions 
of substituents were established beyond doubt by a series of degradations 
and concurring syntheses by different routes. Methods of synthesizing 
pyrroles have already been discussed. Means by which pyrroles were 
assembled into a porphyrin are indicated in equations and outlines 

(33-36). 



CHCI, 


+ 2 SO, + 2 HCI 
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42-3 PYRIMIDINES, PURINES, AND NUCLEIC ACIDS 

Nucleic acids are high molecular weight prosthetic groups of nucleo- 
proteins, so called because they occur in cell nuclei. Genes, viruses, and 
bacteriophages are composed almost exclusively of nucleoproteins. 

Nucleic acids are composed of pyrimidine and purine bases, pentoses, 
and phosphate groups. Their structures are very complex and have only 
recently begun to be elucidated. The pyrimidines and purines pres¬ 
ent in nucleic acids and their close metabolic relatives are the heterocycles 
under consideration in the section following. 

A. Metabolic Pyrimidines and Purines 

At least six of the several naturally occurring heterocyclic related bases 
are known to occur in nucleic acids. These are the four pyrimidines, 
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cytosine, 5-methylcytosine, thymine, and uracil, and two purines, adenine 
and guanine. Upon degradation of nucleic acids, the higher primates 
(including man), the Dalmatian coach hound, birds, and reptiles convert 
the bases into uric acid, below, which is excreted in the urine. Other 
mammals excrete the purines and pyrimidines in the form of allantoin. 
Two other purines found in body fluids are hypoxanthine and xanthine. 
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Three xanthine derivatives are of interest because of their occurrence in 
plants used for beverages and confections, partly because of their stimu¬ 
lant action. These are caffeine, 1,3,7-trimcthylxanthine (in coffee), the¬ 
obromine, 3,7-dimcthylxanlhine (in tea), and theophylline, 1,3-dimethyl- 
xanthine (in chocolate and cocoa). These compounds are all related to the 
amide tautomeric structure (IVB) of xanthine, rather than the imidol 
structure (IVA). 
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B. Nucleotides and Nucleosides 

Careful hydrolysis of nucleic acids gives compounds which must be a 
repeating structural unit in the polymers. These are called nucleotides , 
and consist of one purine or pyrimidine base, one pentose, and one phos¬ 
phate unit each. Further hydrolysis with acid gives a pentose phosphate 
and the free base. Hydrolysis of the nucleotide with base gives a nucleo¬ 
side, consisting of a base-pentose unit, and phosphate ion. Hence, the 
sugar must be between the base and ihe phosphate in the nucleotide. The 
sugars from known nucleic acids are ribose and 2-deoxyribose (2-de- 
soxyribose). Thus, guanylic acid is a nucleotide, as is also adenylic acid 
(§39-2B). Cytidine and adenosine (§39-3B) are nucleosides. 


OH 



Several nucleotides not derived from nucleic acids exist in living organ¬ 
isms. Some of the more important nucleotide coenzymes have already 
been mentioned (§39-3B). 

C. Nucleic Acids 

The importance of nucleic acids is their fundamental role in the most 

basic processes of life, cell reproduction, cell metabolism, and intercellu¬ 
lar organization. 

Deoxyribonucleic acids (DNA) hold the genetic code, that is, the key to 
the development and organization of cells. By replication , these acids 
duplicate themselves and make possible cell division. DNA occurs in 
twinned helices (inside back cover) in the cell nucleus. The alternate 
deoxynbose and phosphate units constitute the helical “stringers" of a 
staircase-like structure. The inner, “step” portion is made up of pairs of 
purine and pyrimidine bases (one of each), hydrogen bonded together in a 
specific orientation and in a specific pairing of bases (Fig. 42-3). Guanine 
pairs only with cytosine or 5-methyicytosine, and adenine only with 
thymine (in DNA) or uracil (in ribonucleic acid , RNA). Periodically, the 
twinned helix uncoils, in response to some cellular condition, to form two 
separate chains. Freshly made nucleotides then condense on the old 
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Fig. 42-3. A Purine-Pyrimidine Layer in a Nucleic Acid Spiral. 


chains in such a manner as to preserve the pairing order. The result is 
two new helices identical to the original; this is replication. 

DNA also regulates the formation of RNA, which functions in the cyto¬ 
plasm. RNA carries the growth code , i.c., the key to the synthesis of 
proteins in the cell. The four different purine and pyrimidine bases can 
form 64 different 3-unit code units (“words”) depending on combination 
and order of connection of the nucleotide units. Of these, at least twenty 
“words” correspond directly to specific amino acids. Thus, a RNA chain 
constitutes a direction to synthesize a protein with amino acid units in a 
specific order. More details of the process are available in Crick and 
Nirenberg. listed in the Supplementary Readings. 
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QUESTIONS AND PROBLEMS 

1. Show by use of formulas or diagrams accompanied by verbal explanation 
that you know what is meant by the following terms. 

a. heterocyclic f. porphyrins 

b. alicyclic g. bile pigments 

c. condensed heterocycles h. nucleic acids 

d. carbocyclic i. nucleotides 

e. isosteres j. nucleosides 

2. Write structural formulas for the compounds named below. Where tau¬ 
tomers are expected, write the formulas of the most important tautomeric forms. 

a. 2,3-epoxybutane f. 5-methyl-2-furfuraI 

b. 1,3,4-thiazolone g. 2,2-dimethylazetidine 

c. 4-methyl-1,3-dioxane h. l,3-diazin-2-ol 

d. benzo[c]thiophene i. naphtho[2.1-b]furan 

e. benzfc.djindple j. 2H-pyrrolo[3.2.1-i,j]quinoline 

3. Write structural formulas for 5-methylcytosine, caffeine, theobromine, and 
theophylline. 

4. Outline the synthesis of the compounds listed below from the suggested start¬ 
ing materials. Use structural formulas for organic raw materials, both inter¬ 
mediates and products. Indicate essential reagents and conditions insofar as they 
are general for the type of synthesis. 

a. 2,4,5-trimethyl-l,3-dioxole from 2-butene 

b. 2,5-dimethylfuran from ethyl acetoacetate 

c. 2,5-dimethyl-l ,3-oxazole from acetic acid 

d. amytal (5-isoamyl-5-ethylbarbituric acid) from diethyl malonate, ethanol, 
isoamyl alcohol, and urea 

e. hexahydro-1,3-diazin-2-one from cyclopropane and urea 

f. dibenzo[a,c]phenazine from phenanthrene and o-nitrobenzoic acid 

g. diethyl 3,5-dimethylpyrrole-2,4-dicarboxylate from ethyl acetoacetate 

h. 3-methyl-A 2 -l,2-diazctine from acetal 

i. l-/?-bromophenyl-3-methyl-5-pyrazoIone from benzene, ethanol, and ace¬ 
tic acid 

j. 2,4,5-tri(diphenylmcthyl)-l,3-dioxolane from l,l,4,4-tetraphenyl-2-butene 




Physiological Action and 
Molecular Constitution 


Physiological activity in a compound is due to the engagement of the 
compound in the chemical reactions responsible for the functioning of a 
living cell. Such a substance may be manufactured by the organism for its 
own use, may be a necessary or useful material taken into the organism 
from its environment, or may be a nonessential or detrimental material 
brought into the organism. 


43-1 VITAMINS 

A vitamin is an organic material an organism must obtain in its diet in 
minute amounts. A tabulation of some vitamins, their structures, and 
their functions is given in Table 43-1. Other vitamins and provitamins 
have been mentioned elsewhere (§39-3B, §41-2B; Table 41-3). Vitamin 
precursors or provitamins are compounds that have no vitamin activity 
themselves, but which are converted into vitamins in the organism. 

Most vitamins are utilized as portions of coenzymcs, (§39-3B). Both 
functional groups and molecular shape (steric factors) fit a vitamin mole¬ 
cule for a specific biochemical function. 


43-2 HORMONES 

Hormones are potent regulatory substances manufactured in verte¬ 
brates by the endocrine glands and in plants by the buds and leaf tips. 
Animal hormones belong to three main types of compounds. These are 
the proteins and polypeptides, the steroids, and a few relatively simple 
catechol derivatives. It is quite probable that all hormones act in con¬ 
junction with proteins. However, a hormone is considered to be the 
simplest material that shows the physiological activity of the hormone in 
the absence of the gland that produces it. Like vitamins, hormones may 
participate in enzyme activity. 

Names and functions of some representative animal hormones are given 
in Table 43-2 and were mentioned in §41 -2-§41 -2B where steroid hor¬ 
mones were discussed. 
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TABLE 43-1. Vitamins and Their Functions 
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TABLE 43-1. Vitamins and Their Functions (cont.) 
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TABLE 43-1. Vitamins and Their Functions (cont.) 
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TABLE 43-2. Representative Animal Hormones and Their Functions 


Name 


Formula 


Function 


L-Thyroxine 


Amino Acid and Polypeptide Hormones 
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Vasopressin 
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R - CH 2 CH 2 CH 2 NHCNH 2 (beef) 

NH 

or CH 2 CH 2 CH 2 CH 2 NH 2 (hog) 


Blood pressure 
regulator 


Oxytocin 


R - CH(CH,)C 2 H. 
R' - CH 2 CH(CH))2 


Birth and lactation 
hormone 


Insulin 


I pmcphrinc 
Adrenaline 


Sec <}39-2fc( I). Formula V 


Catkiioi Hormones 



OH 
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CHCHjNHCH, 


Hexose utilization 
and storage 


Vasoconstrictor, 
promotes rapid 
hexose metabolism 
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TABLE 43-2. Representative Animal Hormones and Their Functions (cont.) 


Name 


Formula 


Function 


Catechol Hormones (cont.) 
OH 


Norepinephrine 


HO 


,CHCH 2 NH 2 


Vasoconstrictor, 
promotes rapid 
hexose metabolism 


A. Plant Hormones 

Several growth regulators have been isolated from plants. The com¬ 
pounds responsible for growth stimulation, called auxins , are given in 

Table 43-3. 


TABLE 43-3. Natural Plant Growth Promotors (Auxins) 


Name 


Auxin A 


Structure 


C 2 H s CH 
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CHCH,CH CHC0 2 H 
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Auxin B 


C 2 H 5 CH 


CHj 


OH 
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CHC 2 H s 

CH, 


Hclcroauxin 

lndole-3-acetic Acid 


ch 2 co 2 h 


Traumatic Acid 

2-Dodecenedioic Acid 


H0C0CH=CH(CH 2 )«C0 2 H 
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B. Synthetic Auxins 

Many synthetic compounds also radically affect plant growth. Auxin 
activity is shown by many compounds which have an unsaturated ring sys¬ 
tem with an acid side chain in which the carboxyl group is separated from 
an aromatic ring by at least one carbon atom. Auxin activity is shown by 
derivatives of cyclopentane, benzene, naphthalene, anthracene, indene, 
indole, and benzofuran. Both branched and continuous side chains show 
activity. Side chains may be attached to the ring by an ether linkage. 
Typical synthetic auxins and their major uses are given in Table 43-4. 

A compound more fundamental in its effects on plants than any of the 
auxins and antiauxins is colchicine, an alkaloid obtained from the autumn 
crocus. Colchicine has the interesting property of arresting cell mitosis at 
the stage just after division of the chromosomes. It dissolves the spindles 
connecting the chromosomes, resulting in a cell with double the original 
number of chromosomes. By treating growing buds, roots, or sprouts 
with a dilute solution of colchicine for the proper length of time, plants 
with part or all of their tissues converted to polyploid (multiple chromo¬ 
somal) cells can be produced. Many new plant varieties have been devel¬ 
oped by colchicine treatment followed by appropriate hybridization. 



Colchicine contains a tropone ring, another nonben/enoid aromatic 
system. The seven carbon atoms in the ring share six ir electrons and are 



volencebond structures for tropone ring 


hybrid structure for 
tropone ring 


tropylium ion 
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therefore considered theoretically by a molecular orbital treatment similar 
to benzene. The tropylium ion, which also has six n electrons, is a related 
aromatic system. It is a very stable carbonium ion. Several of its salts 
have been isolated. 


43-3 PESTICIDES 

Insects and fungi account for well over half the cost of lost crops and 
deteriorated property. Additional large economic problems are weed con¬ 
trol and rodent control. Eradication of the pests responsible for these 
afflictions by selective poisons is a major medical and economic con¬ 
sideration. 

Poisoning, like drug action, results from interruption of or interference 
with metabolism. The difference is in the extent of interference. The 
poison completely stops the functioning of cells, or, in higher organisms, 
enough critical tissues to cause death. Deadly poisons are those that are 
fatal in doses of a few milligrams or less per kilogram of body weight. 
Pesticides have been mentioned frequently elsewhere (§19-3, §29-IE, 
§40-3C, and Table 42-4); Some further interesting examples are given in 
Table 43-5. 


Name 


Pyrelhrms 


I 

II 


Cinenn I 
Cmcrin II 


Allethrin 

Rotcnone 


TABLE 43-5. Representative Pesticides 


Structure 


Comments 
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TABLE 43-5. Representative Pesticides (cont.) 
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TABLE 43-5. Representative Pesticides (cont.) 


Name Structure Comments 
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ram ditulhdo *ilh 
KCN 
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Rodenticides 


Warfarin 



Anlicoagulani: requires 
repealed ingestion, 
compare dicoumarol 
(*42-lG> 


Pival 

2-Pivalyl-1,3-in- 
danedione 



Anticoagulant 


Frequently, it is more satisfactory to repel pests rather than try to kill 
them. Insect repellants, for example, are used on the skin to avoid bites in 
locations where it would be impracticable to kill all the insects. Several 
effective odorless (to man) compounds arc in use, among them /V-butyl- 
acetanilide, /V,/V-diethyl-w-toluamide, butoxypropylene glycol, 2-ethyl- 
1,3-hexanediol, and methyl phthalate. 

43-4 CHEMOTHERAPY 

Chemotherapy is the use of drugs selectively to inhibit growth of 
parasitic organisms and thus cure a disease. While the use of drugs 
medicinally for many purposes is an ancient art, the particular branch of 
pharmacy known as chemotherapy is relatively recent. As a science. 
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chemotherapy began with the efforts of Paul Ehrlich at the start of the 
twentieth century to discover chemical compounds that are toxic to patho¬ 
genic organisms but nontoxic to the host. His first success, in 1907, was 
the curing of mice inoculated with a form of trypanosomiasis, by use of a 
bisazo dye, trypan red. 


No 



SO 3 0 No ® 


A. Mechanisms of Chemotherapeutic Action 

The active microbial defenses of the body are chemical and biological in 
action. The body manufactures antibodies to combat specific antigens, 
usually toxic, manufactured by infecting organisms. Both the antibodies 
and the antigens are proteins. The biological defense is the engulfing of 
microbes by leucocytes. 

Antitoxins are serai antibodies which neutralize specific disease toxins. 
Vaccines are devitalized disease organisms which, upon administration, 
stimulate the body to manufacture antibodies in defense against the 
disease. 

Since a chemotherapeutic agent is a foreign agent, the body attempts to 
get rid of it as quickly as possible, by altering it chemically, either to make 
it less toxic or to make it more soluble and more easily excreted. The 
means by which the body does this are, variously, oxidation, amination, 
deamination, and acylation. For example, benzoic acid is detoxified by 
conversion to hippuric acid (eq. I). 



+ + NH 3 CH 2 C0 2 " 




CNHCHjCO, 


+ h 2 o 


hippurote ion 

Action of drugs to stop metabolic processes belongs to these categories: 
disruption of cellular structure by surface activity, inhibition of enzyme 
activity, competitive metabolite antagonism, osmotic force changes, 
changes in ionic concentrations and changes in redox potential. Naturally, 
these effects are detrimental to the host as well as to the parasite. Choice 
of a chemotherapeutic agent requires toxicity to the parasite to be sub¬ 
stantially higher than that to the host. 

(1) Surface Active Agents. Most antiseptics operate by changing the sur¬ 
face characteristics of cell membranes, thus disrupting the cell so that cell 
constituents are no longer retained in the necessary organization. 

Structural changes show regular effects on bacteriostatic effectiveness of 
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hydroxy compounds. Phenols are more effective than alcohols. Increas¬ 
ing the length of alkyl chains increases effectiveness up to the point that 
diminishing solubility takes over. Increasing number of hydroxy groups 
decreases effectiveness up to the point that diminishing solubility takes 
over. Increasing number of hydroxy groups decreases effectiveness, but 
also decreases toxicity to host. Substituent chlorine atoms and nitro 
groups increase effectiveness. 

(2) Metabolite Antagonists. Substitute coenzymes or substrates contain¬ 
ing groups similar to, but not enough like, the normal coenzyme or sub¬ 
strate groups can be provided to compete with the normal agents. 

The normal metabolite, either coenzyme or substrate, must be essential 
to metabolism. A substitute metabolite might behave in any one of sev¬ 
eral ways. The substitute may be so like the natural metabolite as to 
replace it without ill effects, so different from the natural metabolite as to 
be incapable of either replacement or competition, or enough like the 
natural metabolite to enter the series of reactions necessary to metabolism, 
but different enough not to be able to replace the natural metabolite all 
the way. The last situation is the one in which competitive inhibition can 
occur. Some examples are given in Table 43-6. Compounds which ap¬ 
pear in the Competitive Activity column of Table 43-6 show promise of 
use as bacterial inhibitors. 

A characteristic of antimetabolite inhibitors is that, in many cases, large 
amounts of the normal metabolite nullify the effects of the inhibitor. Both 
materials follow the mass action law in arriving at an equilibrium, favor¬ 
able or unfavorable to growth, depending on the relative proportions of 
each present. 

(3) Enzyme Neutralizers. Compounds which interfere with enzyme 
activity by blocking their reactive groups are common and abundant. 
Some are so powerful in their effects as to be universal poisons valueless 
for chemotherapeutic use. For example, heavy metal ions tie up mercapto 
groups in coenzyme A and similar coenzymes which participate in redox. 
Use of arsenic compounds as war gases is illustrative. Carbon monoxide, 
cyanide ions, and azide ions bind iron in porphyrins, blocking the activity 
of cytochromes as well as hemoglobin. 

A characteristic of this type of drug action is that it can be counteracted 
by an antidote which ties up the poison more effectively than the enzyme 
does. Thus, an antidote to poisoning by Lewisite, a war “gas,” is BAL 
(British Anti-Lewisite), which provides mercapto groups that prevent the 
arsenic from affecting enzymes with sensitive groups. 
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B. Antibiotics 

Substances produced naturally by living organisms that inhibit the 
growth of microorganisms are antibiotics. Alexander Fleming was the 
first to recognize the importance of such inhibition, a discovery which led 
to the isolation of one of the penicillins from a mold culture by Flory and 
his students. Some of the important antibiotics of known structure are 

given in Table 43-7. 


TABLE 43-7. Representative Antibi otics _ 

N tmc Structure _Comments 


Penicillin G 
Benzyl Penicillin 


Chloroamphenicol 


O^C—N-1 

o 


o 

CO®, Na 


O 

I 

NHCCHCI, 


0,N 



CHCHCH 2 OH 

I 

OH 


Most widely used 
antibiotic 


Now prepared 
synthetically 


Tcrramycin 


Streptomycin 



One of several 
tetracycline 
antibiotics 


H 



One of several 
glycosidic 
antibiotics 
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QUESTIONS AND PROBLEMS 


I. Show clearly what is meant by each of the following terms. Accompany 
formulas and diagrams with verbal explanation. 


a. antibiotic 

b. fungicide 

c. herbicide 

d. antibody 

e. auxin 

f. chemotherapy 

g. competitive metabolite 
antagonism 


h. drug 

i. enzyme neutralizer 

j. hormone 

k. insecticide 

l. pesticide 

m. provitamin 

n. rodenticide 

o. vitamin 


2. State how chemotherapy and pest control are similar in principle, and in 
what ways they differ in principle. 

3. Show how the following compounds can be prepared from methanol, etha¬ 
nol, acetic acid, benzene, toluene, naphthalene, furfural, and inorganic reagents. 
Indicate reagents and essential special conditions. Use structural formulas for 
organic compounds. 


a. 

allethrin 

f. 

b. 

methoxychlor 

'%■ 

c. 

parathion 

h. 

d. 

malathion 

• 

1 . 

e. 

jV-butylacetanilide 

• 

J- 


butoxypropylene glycol 
2-ethyl-1,3-hexanediol 
dichlone 

zinc diethyldithiocarbamate 
warfarin 
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k. tetraethyl thiuram monosulfide 

l. captan 

m. phenylmercuritriethanol- 
ammonium acetate 


n. I PC 

o. 2,4,5-T methyl ester 

p. endothal 

q. naphthalene-1-acetic acid 


4. Show how the following compounds can be prepared from methanol, etha¬ 
nol, ethyl malonate, benzene, toluene, pyridine, phosgene, and inorganic com¬ 
pounds, including carbon monoxide, alkali cyanides, and the like. Indicate re¬ 
agents and essential special conditions. Use structural formulas for organic 
compounds. 


a. amytal e. epinephrine 

b. nicotinic acid f. procaine (see Question 5) 

c. />-aminobenzoic acid g. chloramphenicol 

d. oxytocin h. maleic hydrazide 

5. Compare procaine with cocaine (§42-1 H). Indicate the similarities in struc¬ 
tural features which may contribute to similar anesthetic properties. 


h * n \0/ c ~ Q ~ CH2CH? ~^ H(CaH ih ‘ cl ° 

O 

procaine 

6. One of the B vitamins (Table 43-1) gave negative results with reducing 
agents, carbonyl group reagents, and the ninhydrin a-amino acid test and showed 
little inclination toward hydrolysis by either acid or alkali. It was sensitive to 
oxidation by ether hydroperoxides and by bromine, both of which reagents 
destroyed its biological activity. The compound formed a methyl ester. 

Drastic treatment of the compound with barium hydroxide in a sealed lube at 
140' gave a new compound. This material showed two primary amino groups by 
Van Slyke analysis. It gave a dibcnzoyl derivative and formed the original vita¬ 
min again by treatment with phosgene. Permanganate or nitric acid oxidation of 
the diamino compound gave adipic acid. Treatment ol the diamino compound 
with 9,10-phcnanlhrenequinone gave either a quinoxaline or dihydroquinoxalme 
derivative. The absorption spectrum of the product suggested the former. 

Curtius degradation of the azide prepared from the vitamin in the usual man¬ 
ner gave an amino derivative which produced no adipic acid upon oxidation. 
Name and write the structural formula of the vitamin. Write equations for all of 
the reactions described. 




Petroleum Products 


44-1 PETROLEUM REFINING 

The main uses for petroleum products are fuel, solvents, lubricants, and 
synthetic chemicals. All of these require refining. This is a complex of 
processes which begin with physical fractionation and extend to chemical 
modification. 

A. Physical Separations 

Fractional distillation, solvent extraction, and crystallization play major 
roles in the separation of materials at several stages in refining processes. 

B. Chemical Purification Processes 

Since sulfur compounds poison catalysts in many of the refining proc¬ 
esses and are undesirable in finished products, reduction of sulfur content 
is olten carried out. Four methods of removal are used currently. 

Catalytic desulfurization , in which the crude fraction is treated with 
hydrogen under pressure and in contact with solid catalysts, is used 

extensively. 

* 

(1) R-SH + H 2 —R-H + H 2 S 

A second method is acid treatment. Sulfuric acid is used to dissolve 
sulfur compounds, as well as nitrogen bases. 

A third method utilizes oxidation by heavy metal salts, such as a sodium 
plumbite sulfur mixture {doctor solution) or cupric chloride. This pro¬ 
cedure converts mercaptans to disulfides (eq. 2). It does not reduce the 
sulfur content, but does remove the unpleasant odor of the thiol. 

(2) 2 RSH + Pb0 2 2 ' + S — RSSR + PbS + 2 OH' 

The fourth method utilizes sodium hydroxide or other bases in aqueous 
methanol. The mercaptans form water-soluble salts. 

Recovery of the sulfur with ultimate oxidation to sulfuric acid is often 
economically attractive and provides a source of sulfuric acid for other 
refinery operations. 
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C. Chemical Modification Processes 

In order to convert more of the crude oil to gasoline and to improve 
the quality of gasoline, several chemical processes have become essential 
parts of petroleum refining. 

The knock rating of a gasoline is measured by its performance in a 
standard engine compared with that of standard compounds, //-heptane 
with a knock rating of zero and 2,2,4-trimethylpentane (called '‘iso- 
octane” incorrectly), rated 100. The octane number , or knock rating, of a 
gasoline is defined as the per cent of 2,2,4-trimethylpentane in a mixture 
with //-heptane that gives the same performance as the test gasoline. 

Compounds which surpass 2,2,4-trimethylpentane in knock perform¬ 
ance are rated on the basis of the power developed when they are used 
as compared with the power developed by the standard octane. Hence, 
octane numbers over 100 are based differently than those under 100. 

In general, octane number decreases with increasing chain length, in¬ 
creases with increased branching and unsaturation, is higher in aromatic 
compounds than aliphatic or alicyclic, and increases with length and num¬ 
ber of aliphatic side chains on aromatic rings. Greater symmetry of mole¬ 
cules is also a factor. Centrally substituted and centrally unsaturated 
hydrocarbons have higher octane numbers than 2-methyl or terminally 
unsaturated hydrocarbons. Para dialkyl and symmetrical trialkyIbenzenes 
have the highest octane numbers of the aromatic positional isomers. 
Octane numbers of cycloalkanes usually lie between those of alkanes and 
arenes. There are many exceptions to these generalities, however (see 
Table 44-1 for examples). 

(1) Cracking. The primary aim of cracking is to convert larger hydro¬ 
carbon molecules to those with boiling points in the gasoline range. 

Thermal cracking depends on high temperature alone to break down the 
material. Octane ratings of the products are lower than those of catalytic 
cracking products. There is much loss of material to the production of 
coke and gas. Because of these disadvantages, thermal cracking is con¬ 
fined now to those stocks which cannot be cracked catalytically because of 
high metals content, such as the residuum from certain types of crudes. 

Thermal cracking doubtless occurs by a free radical mechanism. Bond 
rupture is followed by abstraction of hydrogen atoms from other mole¬ 
cules by the radicals formed or by loss of hydrogen or smaller alkyl 
radicals. 

Catalytic cracking has the advantages of better control and higher reac¬ 
tion rate for a given temperature. Fluid catalytic cracking (Fig. 44-1) is 
the most common modern process, since it has the advantage of continu¬ 
ous operation. A fine alumina silica catalyst which flows like a liquid in 
the vapor stream moves continuously between the reactor, in which it 
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TABLE 44-1. Motor Method Octane Numbers of Representative Hydrocarbons* 


C 6 

Octane 

Number 

c 7 

Octane 

Number 

c 8 

Octane 

Number 



Motor Octane Numbers 


hexane 

26.0 

heptane 

0.0 

octane 

-13.6 

2-methylpentane 

73.5 

3-methylhexane 

46.4 

2-methylheptane 

23.8 

3-methylpentane 

74.3 

3-ethylpentane 

69.3 

4-methylheptane 

39.0 

2,2-dimethylbutane 93.4 

3,3-dimethyl- 


2,2-dimethylhexane 77.4 

1-hexene 

76.4 

pentane 

86.6 

2,2,4-trimethyl- 


2-methyl-l-pentene 

: 78.9 



pentane 

100.0 

2-methyl-2-pentene 

: 83.0 



1 -octene 

28.7 

dj-2-methyl- 




irons-4 octene 

74.3 

2-pentene 

84.3 






Blending Motor Octane Numbers 


hexane 

22 

heptane 

0.0 

octane 

-15 

benzene 

91 

toluene 

112 

ethylbenzene 

107 





o-xylene 

103 





m-xylene 

124 





p-x ylene 

127 


V. Boord, "Relation of Properties to Molecular Structure for Petroleum Hydrocarbons.” Progress in 
Petroleum Technology, American Chemical Society (1951). pp. 364 370. Reprinted by permission. 
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flue gas 


gasoline 
and gas 


REGENERATOR 



gas oil 


Fig. 44-1. Fluid Catalytic Cracking Plant 
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gradually becomes coated with coke, and the regenerator, in which the 
coke is burned off. The heat of the regeneration process is utilized to heat 
the reactants to the cracking temperature. Fluid processes have been 
developed for other heterogeneous catalytic reactions as well. 

Catalytic cracking is a carbonium ion process. Many complex changes 
occur, including chain breaking, isomerization of chains, isomerization of 
rings, multiple bond migration, and even some polymerization (the re¬ 
verse of cracking). Only a few of the major changes which lead to the 
cracked product are represented in the following equations. 


(3) 

Al 2 0 3 + HjO — 2 HAI0 2 


(4) 

HAIOj + R —CH=CHj — R 

—CH — CH 3 AlO 2 0 

(5) 

© 

R —CH 2 —CH—CH 3 — R + + 

ch 2 =ch—ch 3 

(6) 

0 

R —CH 2 —C—CH 3 — R + + 

ch 2 =c—ch 3 


1 

ch 3 

ch 3 

(7) 

R'— CH —CH, + R* — R' — 

© 

-c— CHj + R — 


1 

R” 

R" 


(2) Reforming. Reforming is a process involving cyclization and de¬ 
hydrogenation. The several reforming processes in operation differ in the 
extent to which chain branching, olefin formation, cyclization, and 
aromatization occur. 

Reforming over chromia on alumina converts cycloparaffins to aroma¬ 
tic compounds. Isomerization of cyclopentane derivatives to cyclohexane 
derivatives also occurs over molybdena or cobalt molybdate on alumina. 
There is little conversion of open chain compounds to arenes (cyclo¬ 
dehydrogenation). 

Reforming over platinum-based catalysts effects both cyclodehydro¬ 
genation and aromatization. Cracking and isomerization of alkanes also 
occur to some extent. 

Little is known of the mechanism of reforming. Since platinum is a 
hydrogenation-dehydrogenation catalyst, reforming with this catalyst 
probably occurs by a reversal of the mechanism of hydrogenation (§27-1 B). 
Some of the typical overall reactions are given in eqs. (8) to (10). 
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Reforming can be made to produce mainly aromatic compounds. Ben¬ 
zene, toluene, and some xylenes are prepared for the synthetic organic 
chemicals industries in this way. 

(3) Polymerization. Polymerization may be utilized by the refiner to 
synthesize hydrocarbons which boil in the gasoline range (20-200") from 
the large amounts of olefin gases obtained in cracking. It is desirable for 
the polymerization to proceed only a few steps, so as to obtain six to ten 
carbon atoms per molecule. High polymer formation decreases the yield. 
Sulfuric acid or phosphoric acid catalysts are utilized for polymerization. 
The order of reactivity of olefins in polymerization is isobutylene > 
2-butene > 1-butene > propylene > ethylene. The dimerization of iso¬ 
butylene is illustrated in outline (11). 

i Hl 

h 2 so 4 ! 

(11) 2 CH 3 C=CH 2 -* CH 3 C—CH 2 C=CH 2 + 2-olefin 

CH 3 ch 3 ch 3 

isobutylene diisobutylene 

2,4,4-trimethyl-1 -pentene 

(4) Alkylation. Alkylation differs from polymerization in that one of 

the reagent molecules is saturated. Under the conditions of the usual 

alkylation reaction, the processes that occur are addition of alkane to 
alkene, addition of alkene to alkene, isomerization, and hydrogen ex¬ 
change. Some cracking also occurs. 

The most widely used alkylation catalysts are sulfuric acid and hydro¬ 
fluoric acid. Carbonium ion intermediates are proposed. The mechanism 
for alkylation of isobutane by propylene is given in eqs. (12) to (16). Only 
a few representative steps of the ion-chain mechanism are shown. 

‘ * ® 

(12) CH 3 CH = CH 2 + H + — CH 3 CHCH 3 

(13) ch 3 ?hch 3 + CH 3 CHCH 3 — ch 3 ch 2 ch 3 + ch 3 —?—ch 3 
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CH 3 


(16) 


— ^ 

(14) CH 3 CCH 3 + CH 3 CH=CH 2 — CH 3 CCH 2 CHCH, 

ch 3 ch 3 

ch 3 


CH 


© 

(15) CH 3 CCH—CHCH, 


< 0 ? 

X H 


ch 3 

ch 3 


ch 3 

I \ © 

ch,c—chch 2 ch 3 — ch 3 cchch 2 ch 3 

I © I 

ch 3 CH 3 

ch 3 


© 


ch 3 cch 2 chch 3 + ch 3 chch 3 — ch 3 cch 2 ch 2 ch 3 + ch,cch, 
ch 3 ch 3 ch 3 ch 3 


(5) Isomerization. Isomerization occurs during many of the other refin¬ 
ing processes, as has been pointed out. However, to provide ample iso¬ 
butane for alkylation requires a separate isomerization process. An equi¬ 
librium is established between butane and isobutane in the presence of a 
suitable acid catalyst, such as anhydrous aluminum chloride with hydro¬ 
gen chloride. 

Again a carbonium ion mechanism is proposed (cqs. 19 and 20). A lit¬ 
tle air must be present to initiate the reaction by providing a carbonium 
ion source (eqs. 17 and 18), or alternatively, an alkyl halide or olefin may 
be added in trace amounts. 


(17) 

ch 3 ch 2 ch 2 ch 3 

+ 

io 2 + HCI — ch 3 ch 2 chch 3 + 

Cl 

(18) 

ch 3 ch 2 chch 3 

Cl 

+ 

AICU — CH 3 CH 2 CHCHj + AICI 4 ‘ 

© 

(19) 

CHjCHjgHCH, 


®ch 2 chch, ^ ch,cch, 

ch, ch 3 

( 20 ) 

CH 3 CH 2 CH 2 CH 3 

+ 

®CH 2 CHCH 3 or CH 3 ?CHj — 

CH, CH, 


ch,ch 2 ?hch, 

+ 

CHjCHCH, 


CH 3 

44-2 PETROLEUM PRODUCTS 

Gasoline is the main petroleum refinery product. It accounts for about 
46% of the volume of crude oil. This product controls the economic posi¬ 
tion of the petroleum industry. 
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Diesel fuel and heating fuel comprise the second major market for 
petroleum products. These materials come from the kerosene and light 
gas oil fractions of petroleum. 

Liquefiable petroleum gases, consisting largely of propylene, propane, 
butane, and ethylene are a third major product. The saturated mate¬ 
rials are used for portable heating and cooking units and all are sources 
of petroleum chemicals. Much of the refinery gas output is utilized to heat 
retorts and stills in the refinery. 

Lubricants, consisting of oils and greases, form a fourth major product. 
Greases are oils to which metal soaps have been added as jelling agents. 

A number of specialty products, such as wax, petrolatum and petroleum 
solvents make up the balance of the refinery output. 
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QUESTIONS AND PROBLEMS 

I. Write equations for reactions which typify the following processes. 


a. catalytic cracking 

b. reforming 

c. desulfurization 

2. State which compound in each pa 
higher octane number and why. 

a. //-pentane, n-hexane 

b. 2,4-dimethylhexane, 2-methyl- 
heptane 

c. 2,2,4-trimethylpentane, 
2,3,3-trimethylpentane 


d. alkylation 

e. isomerization 

f. polymerization 

below would be expected to have the 

d. 2-hexene, 3-hexene 

e. 3-methylhexane, methylcyclo- 
hexane 

f. cyclohexane, benzene 

g. toluene, xylene 




Silicon Organic 
Compounds and 
Fluorocarbons 


45-1 SPECIAL NATURE OF SILICON ORGANICS 

The mountains of the world are mute testimony to the durability of 
mineral matter, most of it silicious. On the other hand, the realm ot 
carbon chemistry provides the utmost flexibility, variety, and selectivity. 
The marriage of these two elements was expected to provide something 
original. In this respect, the discoverers of silicones, Frederick S. Kipping 

and his co-workers, were not disappointed. 

The union of small hydrocarbon groups with silicon-oxygen chains 
results in products with high thermal stability, together with some unique 
properties, such as relative independence of certain physical properties to 
temperate differences. For example, silicone oils change little in viscosity 
between temperatures from -50° to 500°. 

Chemical inertness and lack of affinity for other materials are other 
characteristics of silicones. Silicone oils do not swell rubber, nor are 
silicone rubbers swelled by ordinary oils and greases. 

45-2 SIMPLE ORGANOSILICON COMPOUNDS 
A. Silicones 

Not all silicon compounds share the stability and inertness of those in 
which silicon atoms are connected by oxygen atoms. The silicon- 
hydrogen bond is a weak and highly reactive one. The silicon-silicon 
bond also lacks the stability of the carbon-carbon bond. Consequently, 
strictly silicon analogs of hydrocarbons and their derivatives are few and 
reactive. Replacement of one or more hydrogen atoms by hydrocarbon 
groups does little to increase stability as long as two or more silicon atoms 
remain connected together, or as long as hydrogen atoms remain on sili¬ 
con atoms. Thus, silane, or silicane, SiH 4 , and its homologs react rapidly 
with many reagents, in contrast to the behavior of alkanes. 

80 * 

(1) Si H 4 + HI -* HjSil + H 2 

841 
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All 3 

(2) H 3 SiI + HI -* H 2 SiI 2 + H 2 ,etc. 

(3) nSi 2 H 6 + 2 n H 2 0 — 2{H 2 SiO)„ + 3nH 2 

B. Alkyl Chlorosilanes 

• 

The silicoi^organic compounds of primary interest as raw materials 
are alkylated silicon halides. These materials are produced mainly by two 
methods. One is the treatment of silicon tetrahalides with Grignard re¬ 
agents; the other, direct reaction of elementary silicon with alkyl halides 
in the presence of copper. By either method, mixtures of all possible 
mono and polyalkyl derivatives are formed. 

(4) SiCI 4 + RMgCI — R—SiCI 3 + MgCI 2 etc. 

(5) Si + 2 RX —R 2 SiX 2 

(6) R 2 SiX 2 — RSiX 3 + R 3 SiX — SiX 4 + R 4 Si 

The ability of alkylsilicon halides to interchange halogen atoms and 
alkyl groups provides a means of modifying the ratio of products by intro¬ 
ducing silicon tetrahalide or tetraalkylsilane and heating the mixture with 
a catalyst. The products can be separated by distillation, since the boiling 
points differ appreciably in most cases (Tables 45-1 and 45-2). 


TABLE 45-1. Boiling Points of Alkylchlorosilones 


Formula 

Name 

Boiling Point 

SiCI 4 

Silicon tetrachloride 

57.6° 

CHjSiCI, 

Met hy It rich lorosi lane 

64.6 

(CH,) 2 SiCI 2 

Dimethyldichlorosilane 

69.4 

(C H 3 ) 3 SiCl 

Trimethylchlorosilane 

59 

(CH 3 ) 4 Si 

Tetramethylsilane 

26.6 

C 2 H 5 SiCI 3 

Ethyltrichlorosilane 

99-101 

(C 2 H 5 ) 2 SiCI 2 

Diethyldichlorosilane 

130-131 

(C 2 H 5 ) 3 SiCI 

Triethylchlorosilane 

143.5 

(C 2 H 5 ) 4 Si 

Telraethylsilane 

154.7 

TABLE 

45-2. Physical Properties of Phenylchloi 

rosilanes 

Formula 

Melting Point 

Boiling Point 

C 6 H s SiCl, 

88-89° 

197° 

(C 6 H 5 ) 2 SiCI 2 

188 

305 

(C 6 H s ) 3 SiCI 

88-89 

378 

(C 6 H 5 ) 4 Si 

234 

360 
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C. Carbon-Functional Silicon Organics 

The very inertness of hydrocarbon groups attached to silicon atoms that 
is attractive in silicones is a hindrance to introduction of groups by sub¬ 
stitution. Other methods had to be devised. It is not suitable in most 
cases to have the functional group already present on the carbon atom 
when the group is joined to the silicon atom, since the silicon halides and 
halogenosilanes that are starting materials or intermediates react readily 
with many functional groups. 

Double bonds can be introduced into organosilicon compounds by 
using unsaturated halides in the reaction with silicon or by treatment of 
partly chlorinated silanes with acetylene (eqs. 7-8). The vinyl silanes show 
the addition reactions of double bonds connected to electron-withdraw ing 
atoms. This is just the reverse of the conjugative effect noted with halogen 

(7) 2CHj=CHCH 2 CI + Si —(CH 2 =CHCH 2 ) 2 SiCI 2 

(8) HC=CH + HSiClj —— CH 2 =CHSiCI 3 

vinyltrichlorosilanc 

atoms. The silicon atom, which can expand its valence level to as many as 
six pairs of electrons, withdraws electrons conjugatively, releases them 
inductively. Orientation of groups going into the double bond is indicated 
in cqs. (9) through (11). Other vinylsilicon compounds behave similarly. 

r 2 o 2 

(9) CH 2 =CHSi(OC 2 H s )j + HBr -* BrCH 2 CH 2 Si(OC 2 H s ) 3 

(10) CH 2 =CHSi(OC 2 Hj ) 3 + R —SH — R —SCH 2 CH 2 Si(OC 2 H 5 ) 3 

(11) CH 2 =CHSi(OC 2 Hj ) 3 + R 2 NH — R 2 NCH 2 CH 2 Si(OC 2 H 5 ) 3 

Halogenation can be accomplished by substitution, but special condi¬ 
tions arc required. Bromination of methylchlorosilanes, for example, is 
best accomplished using bromine chloride. 

cn 3 

(12) (CH 3 ),SiCI + BrCI — BrCH 2 SiCI + HCI 

CH 3 

An example of the unusual electronic influence of the silicon atom is 
its effect on chlorination in the benzene ring. The para position is de- 


(13) <( 

V 
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activated by the conjugative electron withdrawal, but the ortho and meta 
positions are activated by the inductive electron release. 

A modified Wurtz-Fittig synthesis (eq. 15) can be used to introduce 
certain carbon-functional radicals into silanes. The example given shows 
use of another silane derivative as a protective group. 


(U) (CHj)jSiCI + HO 



a -^ ° llnc . (CH 3 ) 3 SiO 



Cl + HCI 


(15) (CH 3 ) 3 SiO 



Cl + 2 Na + (CH 3 ) 3 SiCI 


(CH 3 ) 3 SiO 



Si(CH 3 ) 3 + 2(Na + CI~) 


(16) (CH 3 ) 3 SiO 



S'(CH 3 ) 3 + HjO —♦ (CH 3 ) 3 SiOH + 


'-(Cb-* 


HO - Si ( CH 3> 3 


Grignard reagents can be prepared from chloromethylsilicon com¬ 
pounds; this opens the way for the introduction of a wide variety of 
functional groups. 


CH 3 

(17, (CH 3 ) 3 SiOSiCH 2 CI + Mg 

CH 3 


dry ether 


CH 3 

(CH 3 ) 3 SiOSiCHjMgCI 

ch 3 


The Oxo process has also been used to prepare aldehydes from allyl 
silanes. 


(18) 


(CH 3 ) 3 SiCH 2 CH=CH 2 + CO + H 2 
(CH 3 ) 3 SiCH 2 CH 2 CH 2 CHO 



A 


D. Reactions of Silicon Functions 

The utility of halogenosilanes is a result of the high reactivity of the 
silicon-halogen bond. This is due to the ability of the silicon atom to 
expand its valence level (eq. 19). 

Halogenosilanes are readily hydrolyzed to the hydroxy compounds and 
alcoholyzed to silicate esters. 
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* 


(19) (CH 3 ) 3 Si: Cl: + H-O: 

• • ■ ■ 

H 


© @ 

(CH 3 ) 3 Si:6.H 

• • • • 

• Cl: H 

• • 


(CH 3 ) 3 Si:o:H + HCI 

• • 

(20) (CH 3 ) 3 Si - Cl • + R :d :H 

• • • • 

(CH 3 ) 3 Si:6:R + HCI 

• • 


© ® 

(CH 3 ) 3 Si:6:R 

• • • • 

■ Cl: H 


Unlike the corresponding carbon compounds, silicon di- and trihydrox¬ 
ides have no tendency to dehydrate to ketone-like or carboxylic-like com¬ 
pounds. Instead, the ortho acids and esters are formed. Silicon does not 
readily form multiple bonds. Silicon-oxygen-silicon bonds (analogous to 
the Williamson synthesis) are easily formed. 

(21) (CH 3 ) 3 SiCI + HOSi(CH 3 ) 3 — (CH 3 ) 3 SiOSi(CH 3 ) 3 + HCI 


This type of silicon-oxygen-silicon linking is an outstanding character¬ 
istic of silicon. It is responsible for the large number of silicon compounds 
in the same way that the ability of carbon atoms to form chains is re¬ 
sponsible for the vast number of carbon compounds. Reactions such as 
that indicated in eq. (21) are responsible for the formation of silicones. 
Silicon-oxygen-silicon linking can be promoted by using the minimum 
amount of water in hydrolyzing chlorosilanes. The reaction can be 
avoided only by using a large excess of water during the hydrolysis. 

Silicate esters are readily hydrolyzed. Treatment with mild alkali or 
even water cleaves the esters to give silicon hydroxides and oxides (see 
eq. 16). 

Some silicon-carbon bonds are readily cleaved. Dehydrohalogenation 
of a chloroethyl group is accompanied by such cleavages. Aluminum 
chloride causes rearrangements in chlorosilanes similar to those in hydro¬ 
carbon halides. Soluble silanes can be cleaved by heating with strong acid. 


( 22 ) 

( 23 ) 


CICH 2 CH 2 SiCI, + 6 OH - — 

0.5N 

CH 2 =CH 2 + 4 Cl" + Si0 2 (0H) 2 2 ' + 2H 2 0 


CH, 


CH 3 


CH 3 SiCH 2 CI + AlClj — CH 3 SiCH 2 
CH, 

CH, 


© 


CH, 
CH, 


CH,SiCH 2 CH, + AICI 4 


— CH,SiCH 2 CH, 


Cl 


AICI4" — 


+ AICI, 


/ 
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(24) 2(CH 3 ) 3 SiCH 2 CH 2 C—OH + H 2 Q — H2S ° 4 > 2 CH„ + 

(cone.) 

o 

ch 3 ch 3 

HO CCH 2 CH 2 Si—O—SiCH 2 CH 2 C—OH 

Jl I I II 

o ch 3 ch 3 o 


45-3 SILICONES 

The term silicone is applied to organosilicon compounds of the com¬ 
position R 2 SiO. However, it is apparent that silicones do not in any way 
resemble ketones; their structures and properties are those of polyoxy- 
silylenes, I. The term siloxane has been accepted as the official designa¬ 
tion of this type of compound. The usual numerical prefixes indicate the 
number of silicon atoms present, as in octamethyltrisiloxane, II. Silicones 

are prepared from appropriate mixtures of alkylchlorosilanes by hy¬ 
drolysis. 

R 

I 

—Si—O— 

I 

R 

I 

A. Silicone Oils and Waxes 

Treatment of mixtures of dialkyldichlorosilanes and trialkylchloro- 
silanes with water gives linear siloxanes. Depending on their molecular 
weights, these compounds are oils or waxy solids. The average molecular 
weight of the mixture can be controlled by the proportion of the com¬ 
ponents. 


ch 3 ch 3 ch 3 

CH 3 SiO SiO SiCH 3 


CH 3 ch 3 ch 3 

II 


R 

(25) R 3 SiCI + nCI —Si—Cl + CISiR 3 + (n + 1)H 2 0 — 

R 


R 3 SiO-f-SiO-f—SiR 3 + 


R J 


(2 n + 2) HCI 


B. Silicone Rubbers and Resins 

Inclusion of some alkyltrichlorosilane in the halide mixture provides for 
the formation of branched siloxanes. If the proportion of alkyltrichloro¬ 
silane is higher, not only branching but some cross linking can occur. 
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leading to a network polymer. When the degree of cross linking is low, an 
elastic material, a silicone rubber , is produced. If the cross linking is 
extensive, dimensionally stable resins are produced. 

(26) R 3 SiCI, R 2 SiClj, RSiClj, and H 2 0 — 

R R 

I I 

R 3 Si—o-Si—O-Si—o 

I I 

R O 


I 

R —Si—R 

I 

O—- & SiR 3 

Even more extensive cross linking is achieved by adding traces of silicon 
tetrachloride to the mixture. However, large amounts of this compound 
in the polymerization mixture must be avoided because local regions of 
silica can be formed, which are hard, brittle, and unworkable. 

45-4 USES OF SILICON ORGANIC MATERIALS 

Although still quite expensive on a weight basis, silicon organic mate¬ 
rials have become major items of commerce. Three of the largest areas of 
use are waterproofing, electrical insulating, and mold releasing. 

Methyl and ethyl chlorosilanes are volatile compounds. As was pointed 
out, they readily form silicate esters. Thus, these compounds can be used 
to vapor treat cloth, paper, and wood, as well as ceramics (cement, 
porcelain, etc.) to make the surface so water-repellant that large drops of 
water can be made to cover treated cotton marquisette (an open-weave net 
used for curtains) without passing through the open mesh. 

Electrical equipment with silicone rubbers and resins as insulation, and 
silicone oils as transformer oils, can be operated at high temperatures. 

This makes possible designs of much smaller size for the same power 
rating. 

The use of talc, soaps, fats, and the like to prevent molded objects from 
sticking to the molds is at best messy and involves frequent cleaning of 
charred release agents. Silicone mold-release agents, which are not de¬ 
graded by heat and are very little absorbed by the tires, baked goods, 
foam mattresses, etc., which are made in the molds, last a long time and 
seldom need to be cleaned oflT the mold. Furthermore, the molded prod¬ 
ucts arc smoother and cleaner than those made with the older release 
agents. 


R 

Si—O--SiR 3 

I 

R 
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Silicone oils are used as nonflammable hydraulic fluids. Silicone greases 
are useful lubricants for some purposes. Other specialty uses for silicones 
are polishing and surface protective coating, defoaming, and high-low 
temperature gasket sealing. 


45-5 FLUOROCARBONS 

Fluorocarbons, hydrocarbon analogs in which ail hydrogen atoms are 
replaced by fluorine atoms, also often show chemical inertness and many 
other properties similar to those of silicones. Fluorocarbons are chemi¬ 
cally inert to all substances but molten alkali metals. 

In general, fluorocarbons are made by substitution in hydrocarbons 
using electrolytically produced fluorine or perchloryl fluoride, FC10 3 . 
Special apparatus is required. A field of chemistry is growing around 
these compounds. Properties of some functional fluorocarbon derivatives 
are analogous to, others quite different from, those of the related hydro¬ 
carbon derivatives. 

Certain fluorinated methane and ethane derivatives which also contain 
other halogens are prepared by displacement reactions. For example, 
dichlorodifluoromethane (Freon-12) is prepared from carbon tetra¬ 
chloride (eq. 27). This compound, which boils at -30°, is used in large 

Sb 5 * 

(27) 3 CCI 4 + 2 SbF 3 -► 3 CF 2 CI 2 + 2 SbCI 3 

dichlorodifluoromethane 

amounts as a refrigerant in household refrigerators and as a propellant 
for aerosol bombs. Difluorochloromethane is prepared in similar fashion 
from chloroform and antimony trifluoride in the presence of pentavalent 
antimony. Pyrolysis of this compound leads to tetrafluoroethylene (eq. 28). 


(28) 2 CHCIF 2 

difluorochloromethane 


f 2 c=cf 2 

tetrafluoroethylene 


+ 2 HCI 


Polymerization of tetrafluoroethylene gives Teflon (eq. 29). (Polymeri¬ 
zation is discussed in §46-1.) Teflon polytetrafluoroethylene is a long- 
chain fluoroparaffin which is both thermally stable and inert to reagents. 
This polymer also has a very low coefficient of friction. These properties 
make it very useful for gaskets and bearings in equipment for handling 
corrosive materials. 


(29) n F 2 C=CF 2 


peroxide 

initiator 


F F 

I I 

-t-C—c-h 


Lf fJ 


Teflon 

polytetrafluoroethylene 
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QUESTIONS AND PROBLEMS 

1. What special properties make siloxanes attractive for certain uses?. How do 
other organosilicon compounds compare with siloxanes in respect to these proper¬ 
ties? 

2. Compare the reactivities of the following bonds. 

a. C—C, C—Si, and Si—Si d. C—O and Si—O 

b. C —H and Si —H e. C—H, C—Cl, and C —F 

c. C—Cl and Si—Cl 

3. Show how the following compounds can be prepared from the suggested 
starting materials and inorganic reagents, including silicon and silicon halides. 
Use structural formulas for organic compounds. Indicate reagents and necessary 
special conditions. 

a. Hexaethyldisiloxane from ethylene 

b. Diethylaminoethyltriethoxysilane from acetylene 

c. 3-Trimethylsilyl-l-propanol from methanol, diazomethane, and ethylene 

d. A continuous chain silicone oil of average composition corresponding to 
polymethylcicosasiloxanc from methanol 

c. A branched silicone of average composition corresponding to a polyethyl- 
tricontasiloxane with two branches and a phenyl group at each branch from 
ethanol and benzene 

f. A network silicone polymer with an average of five diethylsiloxy units 
between cross-links from ethanol 

g. Trifluoroacclic acid from carbon tetrachloride 




Polymerization and 
Polymers 


46-1 POLYMERIZATION 

The combination of.unsaturated molecules to form a polymer is termed 
addition polymerization. Reactions of polyfunctional alcohols, anhydrides, 
amines, and isocyanates, for example, to form polymeric ethers, esters, 
amides, or urethanes are called condensation polymerization. These latter 
polymerizations involve ordinary solvolysis. Although for some pur¬ 
poses dimers, trimers, and other low oligomers are desired, in general only 
high polymers containing many monomer units have properties which 
make them useful as fibers, films, elastomers, or resins, 

A. Mechanisms of Addition Polymerization 

(1) Free Radical Processes. It was shown (§26-4D) that addition of a free 
radical to any olefinic double bond produces a new free radical, and that 
this radical may also add to an olefinic bond, provided the energy and 
kinetic relationships are favorable. 

The lormation ot the initiating radical by thermal or photochemical 
decomposition of an unstable compound, such as a peroxide, together 
with the addition of the radical to an olefinic bond, is termed chain 
initiation (eq. I or 2). 

(1) Rad- + CHj=CHY — Rod— CHjCHY- 

(2) Rad- + m -* p* 

Next, if the alkyl radical attacks the monomer more readily than the 
radical source, or if the concentration of the radical source is very low, 
chain propagation occurs (eq. 3 or 4). In the propagation portion of the 
process, successive monomer units add to the growing (radical) end of the 
polymer molecule. 

(3) Rad(CH 2 CHY) n CH 2 —CHY + CH 2 =CHY — 

Rad(CH 2 — CHY) n + 1 CH 2 —CHY 

(4) p,- -r m — pj- 


050 
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In the conventionalized eqs. (2) and (4), Rad- represents the initiating 
radical, m the olefinic monomer, and p- the growing polymer chain. Sub¬ 
scripts i and j denote differing chain lengths. Since there is virtually no 
difference in the reactivity of growing polymer chains at different lengths, 
the studies of rates of polymerization do not distinguish any of the propa¬ 
gation stages. 

The third stage is chain termination. This can be accomplished by any 
of three processes. The polymer radical can couple with another polymer 
radical (eq. 5), disproportionate (eq. 6), or combine with a radical from 
the radical source (eq. 7) (see §26-4A). 

(5) 2 p • — p—p 

(6) 2p- —*■ p — H -f (plessH) 

(7) p- + Rad- — * p —Rad 

In addition to these steps a process called chain transfer can occur. One 
polymer radical abstracts an atom from a normal molecule to form a new 

radical. Some chain-transfer steps (eqs. 8, 9, and 10) result in moderation 

of molecular weights, but have no effect on polymer yield. Others (eq. I I) 
result in branching, since the radical, p'-. has a much higher probability of 
being formed in the interior of the chain than at the end. 


(8) 

P* 

+ 

R —R — p—R 

+ 1 

(9) 

P- 

+ 

*H -*• p—H + 

$• 

(10) 

P- 

+ 

CCI 4 - p—Cl 

+ 

(11) 

P- 

+ 

pH -* pH + 

t 

P * 


In these equations, R —R represents the initialing radical source, sH a 
solvent molecule, and s- a free radical produced from the solvent. Each of 
the radicals produced in eqs. (8) through (II) can in turn initiate a new 



benzoyl peroxide benzoyloxy 

radical 



phenyl 

radical 
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polymer chain, provided the radical is active. If the radical produced in 
eq. (9) is not active, the substance sH is an inhibitor, that is, it stops the 
polymerization. 

Several types of radical sources are used for polymerizations. Organic 
peroxides cleave smoothly upon moderate heating. 

More recently developed radical sources include azonitriles. Alkali 
metals may also serve as radical sources. 

ch 3 ch 3 

(13) N=C—C—N=N—C—C=N — 2 

CH 3 ch 3 

azoisobutyronitrile 

(2) Carbonium Ion Processes. A second mechanism of polymerization 
involves carbonium ions. This mechanism resembles the radical mecha¬ 
nism in many respects; it also has steps of initiation, propagation, and 
termination. 


N=C— 


CH 3 

I 

C- 

I 

ch 3 


n 2 


ch 3 ch 3 

(14) HC1 + AICI 3 + CH 2 =C — CH 3 —C®AICI 4 0 (R + MCI 4 “) 

CH 3 ch 3 





isobutylene 


(15) 

H + + m — 

p + 

or R + 

+ m —► p + 


/ ch 3 \ 

% 

ch 3 

/ CHa 

(16) 

r4-ch 2 —c—- 

-ch 2 

—c® aici 4 ® 

+ ch 2 =c 

V u 


1 

ch 3 

"ch 3 


/| 3 \ C \ H3 

r4-ch 2 —c-j— ch 2 —c® aici 4 ® 

\ch 3 / n+ , ch 3 

(17) ?; + m -* P * 

(18) p* + AICI 4 ~ — (p less H) + HCI + AICI 3 

(19) p + + s — (p less H) + Ht + 


Symbols in eqs. (14) through (19) have significances similar to those in 
eqs. (2) through (11). The A1C1 4 “ in eq. (18) is the anion from which the 
hydrogen ion originally separated. In eq. (19), s is a solvent molecule and 
Hs + is a solvated hydrogen ion. 

Initiation of carbonium ion polymerization requires a strong acid. Mix- 
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tures of AICI3 or BF 3 with HCI or HF have been used. Acid-catalyzed 
polymerization is most successful with isobutylene. 

(3) Carbanion Processes. A number of activated olefins or dienes will 
polymerize in the presence of strong bases or alkali metal alkyls. For 

example, styrene can be polymerized with phenylsodium according to the 
following steps: 


(20) 

C 6 H 3 'Na* + 

CH 2 =CHC 6 H 3 — C 6 H 3 CH 2 CH G No ® 

c 6 h 3 

(21) 

C 6 H 5 ~ + m 

P~ or R~ + m —► p~ 

(22) 

C 6 H 3 (CH 2 CH) n CH 2 CH G Na @ + CH 2 =CHC 6 H 3 - 


c 6 h 5 

c 6 h 5 


C 6 H 3 (CH 2 CH) b + , 

CHj—CH G No® 


c 6 h 3 

C«h 3 


(23) p," + m -* p," 

Symbols in eqs. (21) and (23) have significances similar to previous 
symbols. Note that the polymerization ends when the monomer is com¬ 
pletely consumed and the polymerization is initiated again when fresh 
monomer is added. A polymer of this sort is therefore called a living 
polymer. When a species containing active hydrogen is added (water, 
alcohol, etc.) the organomelallic end is transformed to carbon-hydrogen 
bond. No further polymerization will then occur. 

(4) Coordination Polymerization. When olefins such as ethylene, propyl¬ 
ene, or butadiene are passed over certain reduced metal oxides or treated 
with mixtures ol aluminum alkyls and titanium or vanadium chlorides, 
useful polymers result. Polymerization of ethylene gives an unbranched 
product, the polymerization ol propylene gives a stereoregular polymer 
(see §46-1 A(5)) while butadiene may give r/v-1,4-, irons- 1,4- or stereo- 
regular 1,2-polybutadiene, depending on the catalyst used. The polymeri¬ 
zation is believed to involve initial coordination of olefin on a catalyst 

complex (eq. 24), followed by insertion into the metallo-organic bond 
(eq. 25). 


(24) ^Ti-R + ch 2 =ch 2 


ch 2 =ch ? 

I 



CH 2 =-CH 2 

* *♦ i - 

^Ti-R -* ^Ti—CH 2 CH 2 — R 


( 25 ) 
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Karl Ziegler (Mulheim) and Giulio Natta (Milan) shared the Nobel 
prize in chemistry in 1963 for their work on coordination polymerization. 

(5) Stereoregular Polymers. In the polymerization of a vinyl monomer, 
CH 2 =CHY, three gross stereochemical results are possible, depending 
upon the spatial relationships of adjacent side chains. If the polymeriza¬ 
tion is random, the polymer is termed atactic. If all of the side chains may 
be represented in parallel configurations, the polymer is called isotactic. 
A syndiotactic polymer has alternating side chains in opposite configura¬ 
tions. All three types of polymers are realizable by industrial processes. 



atactic polymer 



iiotactic polymer 



syndiotactic polymer 


The three types of polymers are diastereoisomeric and therefore have 
different properties. Atactic polymers have lower melting points and less 
crystallinity than stereoregular isotactic and syndiotactic materials. This 
could be anticipated on the basis of their abilities to pack into solid 
crystals. 

(6) Chain Length in Polymers. Once an addition polymerization chain is 
initiated, it continues very rapidly until terminated. A full polymer mole¬ 
cule may be made in a fraction of a second. In addition polymerization 
involving initiation and termination steps, more and more full polymer 
molecules are formed until the monomer or the initiator is consumed. 
However, in condensation polymerization, conventional reactions keep 
adding to the chains as long as the reaction progresses (see Fig. 46-1). 
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addition polymerization condensation polymerization 

Fig. 46-1. Chain Growth in Polymerization. 


Chain length in addition polymerization, therefore, depends on the 
ratio of the rate of chain termination to chain initiation in the absence 
of chain transfer agents. This, in turn, depends on the concentration of 


radicals present at a given time. Higher initiator concentration favors 
shorter chains. The average size of polymer molecules can be controlled 
by this factor and by temperature. 


Condensation polymer chains, however, continue to grow as time pro¬ 
gresses. Hence, control of average molecular size in condensation 


polymers is largely a matter of choosing the appropriate time to stop the 
reaction or of setting up equilibrium situations. 


It is apparent that simple alkencs and their analogs give nearly satu¬ 
rated polymers. All of the double bonds arc utilized in the addition except 
when chains terminate by disproportionation, in which case, one of the 


two chains retains a double bond. Alkadienes and their analogs, how- 
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ever, utilize only one of the two double bonds in forming a linear chain, 
whether they add 1,4 or 1,2 or a combination of these. 

(26) R— CH 2 — c’h—CH—CH 2 + CH 2 =CH—CH=CH 2 — 

R—ch 2 —ch=ch— ch 2 —ch 2 —ch— CH—ch 2 

(27) R—CH 2 —CH~CH—£h 2 + CH 2 =CH—CH=CH 2 — 

R—CH 2 —CH—CH 2 —CH—CH—CHj 

I 

ch=ch 2 

The unsaturated linkages remaining in the chain can also enter into 
polymerization chains. This ties two or more chains together, and is 
called cross-linking. A large number of cross-links bind the polymer 
chains into a three-dimensional network. Such a network is very rigid, 
resulting in a hard resin (see Fig. 46-2). 


(28) p- 


p—p + p—p — p—p—p-p—p- 

(unsat.) (unsat.) 


R 

I 

(29) R- + —CHj—CH=CH—CHj— —CH 2 —CH—CH—CH 2 — 

+ — 

—CHj—CH=CH — CH 2 — — CHj— ch—CH—CH 2 — 


(7) Copolymers and Copolymerization. A polymer need not be made up 
of only one kind of monomer unit. Several polymeric materials of com¬ 
mercial value are made up of two kinds of units. Such substances are 
called copolymers. Their formation is called copolymerization. 

Steps in copolymerization are the same as those in simple polymeriza¬ 
tion. However, propagation steps are of considerable interest. The rates 
of copolymerization are complicated by the relative reactivities of the two 
monomers, m ( and m 2 , and the relative reactivities of the radicals termi¬ 
nating in units from these monomers, pr and p 2 * (Pi • = R mr 
and p 2 * = R—m 2 -). as well as the concentrations of each of these species. 
Rate constants of the reactions are represented by k. 


(30) 

Pi * 

f 

m, 

*n 

in 

Pi* 

(31) 

Pi* 

+ 

m 2 

- — 

ijl 

Pj* 

(32) 

Pi' 

+ 

m, 

*22 

Pi* 

(33) 

Pi' 

+ 

m 2 


Pi' 
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two-dimensional analogy 



Fig. 46-2. Idealized Cross-Linked Polymer Network 


Several extreme cases exemplify the varied results that can be obtained 
in copolymerization. 

If A:n » k|j and k 22 » A 2I , the two monomers polymerize at the same 
time, and cross over occasionally to form chains consisting of long blocks 
of the same kind of monomer. Such substances are called block co¬ 
polymers. If the reverse is true, and k t2 » A,,, k 2t » k 22 , each rad- 
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ical terminating in a certain monomer prefers to react with the other 
A—A—A—A—A—A—A—B— B—B— B— B— B— B— B—B—A—A—A—A—A—B— 

block copolymer 

A—B—A—B—A—B—A—B—A—B —A—B—A—B—A—B—A —B —A—B— 

alternating copolymer 

A—A—B— A—B— B— B—A—A—B—A—B—A—B—B—A—A—B— A— B— B— B— 

random copolymer 


A —A —A —A —A —A —A —A —A—B—A—A —A —A ••• 

and 

B—B—B—B—B—B—B—B ••• 

homopolymer mixture 

monomer, leading to alternating monomer units. If all four rate constants 
are nearly equal, the monomer units are added randomly in a purely 
chance order. If k u » k i2 ~ k 22 ~ k 2 1 , or k n ~ k 2 ■ » k i2 ~ k 22 , the 
monomer m, polymerizes first, after which m 2 polymerizes, leading to a 
mixture of homopolymers rather than true copolymerization. 

Ionic polymerization mechanisms are far more selective than the radi¬ 
cal mechanism. Hence, ionic copolymerizations are much rarer, except 
that various blocks can be built into living polymers. 


46-2 NATURAL AND SYNTHETIC RUBBERS 
A. Natural Rubber 

The latex of the rubber tree (Hevea brasiliensis) yields a gum consisting 
mainly of polymeric hydrocarbons formally built up from isoprene units 
joined in the cis- 1,4 fashion. Isoprene has the carbon skeleton found in 
many naturally occurring compounds, including terpenes (Chapter 41). 

CH 2 =C—CH=CH 2 

ch 3 

natural rubber isoprene 

Gum rubber is a soft, pliable material which softens at moderately high 
temperatures and hardens quickly in air to a useless, brittle material. 
Until Charles Goodyear’s discovery of vulcanization, the gum was useful 
principally for erasing, or rubbing, whence its name. Goodyear dis¬ 
covered that heating gum rubber with sulfur at about 200° produced a 
material of improved elasticity and much greater toughness and resistance 
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to heat and oxidation. From this simple beginning came the complex 
rubber technology of today. 

Besides vulcanizing agents, modern rubber uses a multitude of mate¬ 
rials termed accelerators, activators, antioxidants, retarders, fillers, pep¬ 
tizing agents, stiffeners, and pigments. Special purposes require blowing 
agents (for foaming), emulsion stabilizers (for latexes), softeners, and 
odorants. 

The structure of natural rubber was in part deduced from its ozonolysis 
to levulinic acid. The molecular weights of the polymeric molecules vary 
from about 100,000 to several million. 

O 

II 

ch 3 cch 2 ch 2 co 2 h 

levulinic ocid 


B. Cross-Linking and Vulcanization 

The treatment of rubber or of a rubber-like material to join polymeric 
molecules together is called vulcanization. Cross-linking the linear mole¬ 
cules (see Fig. 46-2) makes a three-dimensional polymeric network and 
causes profound changes in physical properties. Natural rubber is soft, 
thermoplastic (melts when heated), and readily soluble in benzene. 
Slightly cross-linked material is harder, higher-melting, and less soluble. 
When many cross-links are present (hard rubber), the material becomes 
brittle and completely insoluble. For useful purposes, control of the 
amount of cross-linking or vulcanization is, therefore, essential. 

Vulcanization of rubber with sulfur is believed to involve the forma¬ 
tion of free radicals in the rubber molecule by attack of sulfur fragments 
with the allylic hydrogen atoms or with the double bonds to give cross¬ 
links of the type shown below, as well as more complicated reactions. In 
vulcanization to give tire-tread rubber, less than l°/ 0 of the isoprcne units 
are cross-linked. 


CH, 


CHj H 


CH 2 —C=CH—CH 
H S. 

I I 


CH 2 —C — C—CH 


ch 2 —c—<^— ch 2 

CH, H 
ollylic cross links 


CH,—C-C —CH, 


CH, H 

oUfinic cross links 


C. Synthetic Rubbers 

Shortages of natural rubber, price factors, and limitations in the proper¬ 
ties of natural rubber stimulated the development of synthetic rubbers. 
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During World War I, when the Allied fleets blockaded the German 
powers and cut them off from East Indian supplies, German chemists 
developed the first industrial synthetic rubber. Isoprene was not available, 
but 2,3-dimethylbutadiene could be prepared by dehydration of pinacol. 
The elastomer produced by polymerization of this materia! was called 

OH OH 

CH 3 C-CCH 3 

CHj CHj 

2,3-dimethylbutadiene pinacol methyl rubber 

methyl rubber. While it was deficient in many properties, it was used 
during World War I. 

Study of the preparation of elastomers continued during the period 
from 1920 to 1940 and was enhanced during the late 1930’s and early 
1940’s by the possible (and later actual) loss of control of Far Eastern 
sources of natural rubber to the Japanese. The first synthetic rubber that 
was developed with properties superior to natural rubber was polychloro- 
prene, in which the monomer was 2-chlorobutadiene. The polymer, called 
Neoprene , has much more oil-resistance than natural rubber. Butadiene 
became available on a large scale by dehydrogenation of n -butane (see 
§28-11) and was polymerized with sodium to give a rubber-like material, 
which was called Buna (butadiene + mUrium) rubber by the German 
chemists who produced it. It was observed that copolymers of butadiene 
with styrene gave particularly useful materials. This copolymer, contain¬ 
ing about 75° 0 butadiene and 25° 0 styrene and produced by free radical 
polymerization, was developed during World War II, and is called GRS 
(government rubber styrene). Almost all automobile tire treads contain 
this material. In the early 1960’s it was found that isoprene could be 
polymerized by coordination or anionic polymerization to give stereo¬ 
regular polymers. This means that polyisoprene which is almost identical 
with natural rubber can now be produced. 



CH 2 =C—C=CH 2 
CHj CHj 



2*chloro- \ ,3- butadiene-styrene copolymer polyisobutylene 

butadiene GRS 

chloroprene 
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Vulcanization of natural rubber utilizes only a small fraction of the 
unsaturated sites in the polymer chain. The remaining double bonds con¬ 
tribute to the physical and chemical properties of rubber, but are also sites 
for degradation of rubber (ozonolysis, oxidation, photochemicai reac¬ 
tions). Polyisobutylene has no unsaturation, and so is chemically inert 
toward both vulcanization and degradation reactions. A copolymer of 
isobutylene with 1-2% of a diene, such as butadiene or isoprene, gives a 
polymer which resists degradation but which has enough unsaturation to 
allow cross-linking. The polymer, called butyl rubber , has an unexpected 
bonus property—it is relatively impervious to gases—so that it has re¬ 
placed natural rubber for use in tire tubes. 

It would appear that copolymers of ethylene, propylene, and a small 
amount of a diene component will become important as a relatively satu¬ 
rated (but vulcanizable) elastomer called EPT rubber (ethylene-propylene- 
terpolymer). Various unconjugated dienes can be used to provide the 
residual double bonds for vulcanization. 


46-3 PLASTICS 


Elastomers (rubbers) are materials which deform readily and return to 
their original shapes afterward. 

Plastics (resins) are materials with dimensional stability such that they 
are not readily deformed at the temperature at which they are used. They 
arc hard, horny, or glassy materials. They are further classified into 
thermoplastic resins , which soften on heating and can be molded, and 
thermoset liny resins , which set permanently to hard masses once formed 
by heating. Chemisetling resins arc those which set to infusible material 
without heating, but rather upon application of the proper reagents or 
catalysis. They may be used as textile fibers, films, adhesives or as molded 
objects. 


Much more satisfactory than the above operational classification is the 
chemical classification of polymers according to the method of formation 
(discussed in §46-1) or according to the chemical groups involved. The 
ensuing polymers or copolymers provide almost unlimited variety in 
properties. In fact, however, only a limited number have been exploited 
commercially, because of cost or usefulness factors. Some of the most 
useful are discussed below. 


A. Polyethylene 

The first commercial process for the polymerization of ethylene utilized 
high pressure and temperature (eq. 34) and was a free radical process 


(34) nCH,=-CH ? 


1 500 otm 
200 \ 0 2 
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catalyzed by traces of oxygen. This type of polyethylene has considerable 
branching largely caused by “back-biting” of the free radical end onto 
carbon-hydrogen bonds on the chain (eqs. 35 and 36). 




CH—CH 2 —CH 2 CH 2 CH 3 


(36) ~CH—CH 2 CH 2 CH 2 CH 3 + n CH 2 =CH 2 — 


•CH—CH 2 CH 2 CH 2 CH 3 
(CH 2 CH 2 )„ • etc. 


The branches average four carbons in length and lower the crystallinity 
of the polymer (packing of chains is not as uniform), making this poly¬ 
ethylene lower-melting than that produced by coordination polymeriza¬ 
tion (eq. 37). Coordination polymerization produces polyethylene at 
lower temperatures and low pressure. The product is more crystalline 
and melts above 100°. Polyethylene is used as a film and also for molded 
products. 

AIR 3 , TiClj / \ 

(37) n CH 2 =CH 2 - 3 60 . * —(C^CH,^ 


B. Other Aliphatic Polyolefins 

Propylene is polymerized by coordination polymerization to isotactic 
(§46-lA(6)) polypropylene , which has begun to find use as a textile fiber. 
Polyisobutylene , produced by cationic polymerization (§46-lA(2)), is used 
as a relatively low molecular weight polymer (M.W. ~50,000) as an 
adhesive and as an additive to increase the viscosity of lubricating oils. 

C. Polystyrene 

Free-radical-polymerized polystyrene is a relatively inexpensive poly¬ 
mer. It is clear and colorless and finds much use in molded products as 
well as in foams. It is an atactic polymer, softening at 85°. Isotactic 
polystyrene, produced by coordination polymerization, melts at 250 . 
Both have the head-to-tail structure, as do most vinyl polymers. 


CHjCH ^CH 2 CH^ 
c a h 5 C 6 H s 


ch 2 ch— 

c 6 h 5 


polystyrene 

(heod-to-toil) 
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D. Haloethylene Polymers 

Free-radical-polymerized polyvinyl chloride (CH 2 =CHC1) is a tough, 
flexible plastic material used as coatings, films, and molded products. 
Under trade names such as Koroseal and Vinylite it finds use in rain¬ 
wear, shower curtains, etc. Copolymerization of vinylidene chloride 
(CH 2 =CC1 2 ) with small amounts of vinyl chloride gives the tough film 
Saran. Radical polymerization of tetrafluoroethylene (CF 2 =CF>) gives a 
chemically inert, tough, high temperature-stable polymer, Teflon. 

E. Polymers from Unsaturated Esters 

Polymerization of methyl acrylate, CH 2 =CHCOOCH,, of methyl 
methacrylate, CH 2 =C(CH 3 )COOCH 3 , or copolymerization of the two 
gives clear, transparent resins which can be used as shatterproof optical 
lenses, shields, aircraft “glass," and dentures. The polymers carry the 
well-known trade names Lucite and Plexiglas. Polyvinyl acetate, prepared 
from the monomer CH 2 =CHOCOCH 3 , is a soft, rubbery polymer and is 
used as an adhesive. Copolymers of vinyl acetate and vinyl chloride are 
used as tough coatings. Methanolysis of polyvinyl acetate converts the 
polymer to polyvinyl alcohol, a water-soluble polymer (eq. 38). Treat¬ 
ment of polyvinyl alcohol with aldehydes gives polyacetals (eq. 39). With 


(38) 


-f-CH 2 C|H-^ + n CHjOH 

OCOCHj 

polyvinyl acetate 


OCH 3 “ 


OH 

polyvinyl alcohol 


o 

n CHjOcIcHj 


n-butyraldehyde (eq. 39) the polyvinyl butyral which results is a tough 
adhesive used in laminated safety glass. 


(39) fCHj — CH—CH,—CH-)- — 3 


CHjCHjCHjCHO 


CH 


H’ 


tCH 




OH 


OH 


■T 


CH r 

I * 

O 


CH,CH,CH, 


CH 


polyvinyl butyrof 

F. Polyacrylonitrile 

Polymerization of acrylonitrile (CH 2 =CHC=N) gives a polymer 
which finds considerable use as a textile fiber. Trade names used are 
Orion and Acrilan. 


G. Polymers with Hetero Atoms in the Chain 

All of the polymers described above have only carbon atoms in the 
backbone of the polymer. Many useful polymers have oxygen, nitrogen. 
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or other atoms in the backbone. Most of these are produced by reactions 
that might best be classified as condensation reactions, which are dis¬ 
cussed below along with related substances produced by addition reac¬ 
tions. In this section we will discuss only polyethers prepared by addition 
polymerization involving on the one hand, the carbon-oxygen double 
bond of formaldehyde, and on the other hand, ring opening of the ethyl¬ 
ene oxide three-membered ring. Polymerization of formaldehyde (eq. 40) 
gives a polymer, which is stabilized by capping the hydroxyl end groups 
with acetic anhydride (eq. 41). Unstabilized polyformaldehyde readily 

(40) H 2 C=0 . CqtolySt » HO—(CHjOjn—CH 2 OH 

polyformaldehyde 

(41) HO (CH 2 0)„—CH 2 OH - (CHjCOhO ^ CH 3 C0 2 —(CH 2 0)„ —ococh 3 

CH 3 CO 2 , No 

end-capped polyformaldehyde 

depolymerizes on treatment with acid and heat, but capping gives a tough 
resin (trademark Delrin). 

Polyethylene oxides are prepared by ionic catalysis from ethylene oxide. 
The general structure is given below. Unless the end group R is very large, 
the polymers have some water solubility. These polymers have trade¬ 
marks Carbowax and Igepal. 

RO-(CH 2 CH 2 o} 7 rCH 2 CH 2 OH 

polyethylene oxide 


46-4 PHYSICAL MODIFICATION OF POLYMERS 

Resins are often too brittle for use and require addition of materials 
called plasticizers. The plasticizer acts like a solvent during the molding, 
allowing softening at somewhat lower temperatures and letting the poly¬ 
mer molecules line up with each other more favorably to eliminate inter¬ 
nal stresses. This gives improved toughness and workability to the 
product. Because subsequent loss of a plasticizer would cause shrinkage, 
embrittlement, and deformation of a molded object, the plasticizer must 
be nonvolatile and must not be lost in other ways from the object. Plasti- 

CH 2 CH 3 

./X- C0 2 CH 2 CHCH 2 CH 2 CH 2 CH 3 C0 2 CH 2 CH(CH 3 ) 2 

v Oj (cHj) - 

- C0 2 CH 2 CHCH 2 CH 2 CH 2 CH 3 ^C0 2 CH 2 CH(CH 3 ) 2 

ch 2 ch 3 


2-ethylhexyl phfhalate 


isobutyl adipate 
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tricresyl phosphate 
(TCP) 


cizers must be inexpensive, stable, and compatible with the polymer. Most 
of the common ones are esters. Typical examples are dioctyl phthalate 
(2-ethylhexyl phthalate), isobutyl adipate, and tricresyl phosphate. 


46-5 CONDENSATION POLYMERS 

The polymers discussed thus far are prepared by addition reactions, 
largely involving multiple bonds. Many important polymers are formed 
by condensation reactions in which monomers react to form polymers 
with the loss of a small molecule in the formation of the new bonds. 
Certain other polymers formed by ring-opening reactions or addition 
reactions are also considered here because of their structural relationship 
to condensation polymers. 


A. Polyesters 

Esterification reactions between polyols and polybasic acids or acid 
derivatives lead to polymer molecules. If the alcohol is a diol and the acid 
is dibasic, a linear polymer results. An important example is given in 
eq. (42), where ester interchange between ethylene glycol and methyl 
terephlhalate gives polyethylene terephtha/ate. This material used as a 


(42) nHOCH 2 CH 2 OH + nCHjOCO 


basic 


catolysf 

A 



methyl terephtholate 


f OCH 2 CH 2 OCO ^CO-fc 


; + 2nCHjOH 


polyethylene terephthalate 

textile fiber is sold under the trademarks Dacron and Terylene and as a 
film as Mylar. Ethylene glycol and phthalic anhydride give a useful mold¬ 
ing resin which is thermoplastic (eq. 43). If glycerol is used, the product 


(43) 


HOCH 2 CHjOH 



OCH ? CH,OCO 



CO 


jhtholic 
< nhydride 


polyethylene phthalote 


* 
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is a three-dimensional polymer and is infusible. A partly polymerized 
material is used as a thermosetting molding agent. These are called alkyd 
resins. 

B. Polyamides 

The thermal decomposition of salts of diamines and dicarboxylic acids 

• 

leads to the formation of polyamides. Such a reaction led to the synthesis 
of the first completely synthetic commercial textile fiber by Wallace 
Carothers of E. I. du Pont de Nemours and Company. It was produced 
from hexamethylenediamine and adipic acid (eq. 44). The polymer is 
called nylon 66. (The first 6 refers to the number of carbon atoms in the 

280* 

(44) n H 2 N(CH 2 ) 6 NH 2 + n H0C0(CH 2 ) 4 C0 2 H — salt -- 

hexamethylenediamine adipic acid 

H H 

I i 

—(N(CH 2 ) 6 NCO(CH 2 ) 4 CO) B — + 2n H 2 0 

nylon 66 

amine and the second to the number in the acid.) It is used as a fiber for 
fabrics, tire cords, and ropes as well as for molded objects. Nylon 610, 
prepared from hexamethylenediamine and sebacic acid, HOCO(CH 2 )8- 
C0 2 H, is also used on a large scale. Polvcaprolactam , prepared by the 
ring-opening polymerization of caprolactam (eq. 45), is called nylon 6 
and is used in textiles. 

O 

| 

I**) „ (^y h ”°' 

(^■caprolactam nylon 6 


H 

i 

f-N(CH 2 ) 5 CO)- 


C. Phenol-Formaldehyde Polymers 

Treatment of phenol with formaldehyde in the presence of small 
amounts of acids or bases gives thermosetting resins. The initial reactions 
involve the formation of hydroxymethylphenols and polyhydroxymethyl- 
phenols which then react further (outline 46). 



H* or 



+ 



ch 2 o 

catalyst 


(46) 


+ ch 2 o 


OH" 
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OH 



CH 2 


Bakelite is an example of such a resin. When resorcinol is substituted for 
phenol, an adhesive is produced. If one of the ortho or para positions in 
the phenol is blocked, a linear polymer results (eq. 47). This polymer can 
be cross linked by copolymerization with small amounts of phenol. When 


(47) 



p-cr*iol 


n 



p-phenolsulfonic acid is copolymerized with phenol and formaldehyde, a 
cation-exchange resin is formed. Other aldehydes may be used rather 
than formaldehyde. 



cotion-exchonge resin 


D. Amino- and Amide-Formaldehyde Polymers 

Useful resins are produced by using polyfunctional amines and amides 
with formaldehyde. Thus, urea and formaldehyde gives a polymer (eq. 48) 
with a trade name Beetle. Although a linear structure is shown, there is 
considerable cross-linking in the polymer. A similar thermosetting poly¬ 
mer, Melmac, is formed from melamine and formaldehyde (eq. 49). 
Melamine is produced as indicated in outline (50). 

H O H 

* 1 11 I 

(40) n NHjCONH, + n CH a O — (—N—C—N—CH a —)„ 


ur#o 
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melamine 


(50) Co(NCN) — ?° 


calcium cyanamide 


H 2 N—C=N - Co,OH il 


h 2 o 


pH 7-12 


cyanamide 
(unstable in neutral 
water) 


NH 

ll 

H 2 N—C—NH—C=N 

dicyondiamide 

(cyanoguanidine) 


NH 3 + CH 3 OH 
heat, pressure 


melamine 

E. Poiyurethanes 

Diisocyanates on treatment with diols give polyurethanes. A large 
variety ol diols are used. A general equation, using toluene diisocyanate, 
is given in eq. (51). The materials are used to make rigid or flexible foams 
or rubber-like materials, depending on the diol involved. • 

(51) 

n HO-OH 4 - nCH 3 -/( N=C=0 — 

/ 

N 

// 

c 

// 

o 

F. Polysulfide Elastomers 

When ethylene chloride and sodium polysulfide are allowed to react 
(eq. 52), an oil-resistant rubbery polymer is produced. This is called 
Thiokol rubber. 




(52) CICH 2 CH 2 CI + No 2 S, - fCH 2 CH 2 S,-} n 

Thiokol rubber 
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QUESTIONS AND PROBLEMS 


1. Give an explanation, illustration, or definition lo show cleariy what is meant 

by each of the following terms. Accompany diagrams with verbal explanation. 


a. addition polymerization 

b. branched polymer 

c. chain transfer 

d. condensation polymerization 

e. copolymerization 

f. cross-linked poly mer 

g. graft polymer 

h. inhibitor 

2. Write out a 

poly merization of the following materials, 
pounds. Parallel each 

a. styrene, using benzoyl peroxide 

b. propylene, using trnsopropyl 
aluminum; using titanium 
tetrachloride 


i. initiator 

j. isotactic polymer 

k. linear polymer 

l. monomer 
m plasticizer 

n. syndiotactic polymer 

o. vulcanization 

of each of the steps involved in the 


cyclohexcne, using sulfuric acid 
chloroprene, using benzyl 
peroxide 


rmulaled representation 

Use structural formulas of actual com 

step with the abbreviated general symbolism for the step 


c. 
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3. Show how the following compounds can be prepared from the indicated raw 
materials and inorganic reagents. Use structural formulas or ring symbols to 
represent organic compounds. Indicate necessary inorganic reagents and special 
conditions. 

a. polyvinyl acetate from acetylene 

b. polymethyl methacrylate from acetone and methanol 

c. a phenolic resin from o-cresol and formaldehyde 

d. a polyurethane from polyethylene glycol averaging ten units, 2,4-tolylene- 
diamine and a suitable catalyst 

e. a nylon from azelaic acid and hexamethylenediamine 

4. Show how the following raw materials for plastics and rubbers can be pre¬ 

pared from methane, ethylene, propylene, acetylene, benzene, toluene, and in¬ 
organic reagents. Indicate essential reagents and special conditions. 

a. chloroprene e. methyl methacrylate 

b. 2,4-toluene diisocyanate f. /V, jV'-diphenyl-p-phenylene- 

c. epichlorohydrin diamine 

d. p.p'-methylenedianiline 

5. Show how adipic acid and hexamethylenediamine can be prepared from 
phenol. 
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Named Reactions 


ll-l ARNDT-EISTERT REACTION 

A method of preparing acids or their derivatives from acid derivatives 
of one less carbon atom (page 504): 

RCOCI + 2 CH.Nj — RCOCHN 2 + CH 3 CI + N 2 

RCOCHN 2 + HY —RCH 2 COY + N 2 Y = OH, OR or NH 2 


H-2 BAEYER-VILLIGER REACTION 
The oxidative rearrangement of a ketone to an ester (pages 520-521) 


OOY 


RCR 

i| 

It 

O 


RCO—0 2 —COR 
or H 2 S 


R — 


C —R 

I 

OH 


RCOR 

II 

O 


Y =' RCO oi H 2 S 2 O s 


11-3 BART REACTION 

Replacement of a diazonium group with an arsono group by the action 
of sodium arsenite and copper powder in neutral solution: 


*HSO/ + HAsOj 2 (( )/— As0 3 H 2 + N 2 (g) + S0 4 J ~ 



11-4 BECKMANN REARRANGEMENT 

Rearrangement of oximes to amides (pages 516 519): 

PCI 5 

R — C— R-R'CNHR 

II H II 

N—OH O 


876 
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11-5 BIRCH REDUCTION 

The use of ammonia solutions of alkali metals to give 1,4-dihydro- 
arenes (pages 583-584): 

r „ u,nh 3 c 2 h 3 oh 
^ 6^6 --- 

11-6 BOORD OLEFIN SYNTHESIS 

A four-step synthesis of olefins involving removal of bromine and an 
alkoxy group by zinc in the last step (pages 433-434): 

HBr Bfj R'MgX 

CH 3 CHO -* CHjCHBr -BrCHjCHBr - - —* 

ROH | | 

OR OR 

BrCHjCHR' CH 2 =CHR' 

OR 

H-7 BOUVEAULT-BLANC REACTION 

Reduction of an ester to an alcohol by metallic sodium (page 583): 
RCOC 2 H 5 + 4 No + 3C 2 HjOH — RCH 2 OH + 4(C 2 H 3 0~Na + ) 

O 



H-8 BUCHERER REACTION 

Ammonolysis of naphthols to prepare naphthylamines and the reverse 
(page 486): 



H*9 CANNIZZARO REACTION 

Base-catalyzed oxidation-reduction of aldehydes (pages 488 489): 
2 RCH = 0 + OH" -* RCH 2 OH + RC0 2 ‘ 


11-10 CLAISEN ESTER SYNTHESIS 

Base-catalyzed condensation of esters to 0-keto esters (pages 459 460): 


RCH 2 C—CH—COR' + 

li I 

O R 


R'OH 


2 RCH 2 COR' 

II 

o 


R'ONa 
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11-11 CLAISEN REARRANGEMENT 

Rearrangement of allyl phenyl ethers to o-allyl phenols (pages 428- 
429): 


O—CH,—CH=CH—R 




11-12 CLAISEN-SCHMIDT CONDENSATION 

An aldol condensation between an aromatic aldehyde and a ketone with 
an active methylene group (page 458): 

CH=C—CR' + H 2 0 

I II 

O R O 



11-13 CLEMMENSON REDUCTION 

Reduction of a keto group to a methylene group by amalgamated zinc 
and acid (page 582): 

R — c — R + 2Zn + 4HCI - R—CH 2 —R + 2 ZnCl 2 + H 2 0 

i| 

n 

o 

11-14 COPE ELIMINATION 

Pyrolysis of an amine oxide to an olefin (page 304): 

R 2 CH—CR 2 — N(CH 3 ) 2 —— R 2 C=CR 2 + (CH 3 ) 2 NOH 

I 

o 


11-15 CRIEGEE REACTION 

Oxidation of vicinal diols or a-hydroxyketones with lead tetraacetate to 
form aldehydes (pages 562 564): 

RCH — CHR +- Pb(OCOCH 3 ) 4 — 2 RCHO + Pb(OCOCH 3 ) 2 + 2 CH 3 C0 2 H 


CH OH 
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11-16 CURTIUS REARRANGEMENT 

Rearrangement of an acid azide to an isocyanate, similar to the Hof¬ 
mann rearrangement of amides (pages 311-312, 514 516): 

A 

RC N=N=N-► RN=C=0 + N 2 

O 


11-17 DIECKMANN REACTION 

An internal Claisen ester condensation resulting in a cyclic ketone 
(page 460): 

roco(ch 2 )„—ch 2 co 2 r — 1 (ch^,—chco 2 r 

1 

o 


11-18 DIELS-ALDER REACTION 

Diene synthesis—a condensation of a conjugated diene with an un¬ 
saturated compound (pages 5X8-593): 


* 

k 


11-19 DOW PROCESS 

Hither of two processes developed by Dow Chemical Ce. to replace an 
aromatic halogen, producing a phenoxide or an amine: 


C 6 HjCI + 2 NaOH 

fused 


Cu. 300* 
pressure 


C^HjONo 4- NaCI 4- H 2 0 




C*HjCI 4 2NH 3 


catalyst 

---* C 6 H 5 NH 2 4- NH 4 CI 

pressure 


20 ETARD PROCESS 

Oxidation of toluene to bcnzaldehyde by chromyl chloride (page 560): 


c 6 h 5 ch 3 


OJCrOjCI, 

(2) H,0 


C^HjCHO 4- Cr 


3 * 
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11-21 FAVORSKY REARRANGEMENT 

Alkaline hydrolysis and rearrangement of a-chloroketones to salts of 
carboxylic acids (pages 522-523): 

RCCR 2 CI + 2 OH" — RCR 2 C0 2 " + Cl" + H 2 0 

O 

11-22 FISCHER-TROPSCH PROCESS 

A means of treating mixtures of carbon monoxide and hydrogen so that 
alcohols or alkanes are produced. 

11-23 FITTIG REACTION (WURTZ-FITTIG REACTION) 

Coupling of an aromatic group and an aliphatic group by treating a 
mixture of the appropriate halides with sodium (page 434): 

C 6 H 5 X + R —X + 2 No — C 6 H 5 R + 2(Na + X") 


11-24 FREUND REACTION 

A cyclization involving an internal Wurtz reaction: 
BrCH 2 CH 2 CH 2 Br + 2 No — CH 2 —CH 2 + 2(No*Br") 

\h 2 


11-25 FRIEDEL-CRAFTS REACTION 

Alkylation or acylation of aromatic hydrocarbons through the agency 
of aluminum chloride, boron trifluoride, antimony pentachloride, stannic 
chloride, or zinc chloride (pages 338, 344 347. 361-362): 

C 6 H 6 + RCCI —C 6 HjCR + HCI 

II II 

o o 


11-26 FRIES REARRANGEMENT 

Lewis-acid catalyzed rearrangement of a phenyl ester to a phenolic 
ketone (page 528): 



COR 
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11-27 GABRIEL SYNTHESIS 

A method for preparing pure primary amines. Two valences of the 
nitrogen atom are occupied in an imide linkage, leaving only one position 
free for alkylation (page 278): 




H-28 GATTERMANN ALDEHYDE SYNTHESIS 

Formylation of an aromatic ring with hydrogen cyanide: 

C 4 H 6 + HCN + HCI — — C fl H 3 CHO 

AICI 3 

11-29 GATTERMANN DIAZO REACTION 


Modification of the Sandmeyer reaction which uses the acid and copper 
powder instead of the cuprous salt (pages 499 500): 


© © 
C*H S N,CI 


HX 


CjH)X 


N 


® 0 
HCI 


•1*30 GATTERMANN-KOCH REACTION 

l ormylation of an aromatic ring with carbon monoxide: 

C*H* + CO —~C 6 HjCHO 


11-31 GRIGNARD REACTION 

Preparation of an organomagnesium halide in dry ether (pages 422 
423): 

R —X + Mg — R—Mg —X 
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11-32 GRIGNARD SYNTHESIS 

Use of the Grignard Reagent, RMgX, in any of a variety of syntheses. 
Also called Grignard reaction in Europe (pages 436-441). 

11-33 HEll-VOLHARD-ZELINSKY REACTION 

A method for halogenaling aliphatic acids in the alpha position (page 
451 )* 

RCH 2 C0 2 H + Br 2 —— RCHCOjH + HBr 

Br 


11-34 HIBBERT METHOD 

Dehydration of /^-hydroxy carbonyl compounds by the use of iodine as 
a catalyst: 

ch 3 chch 2 cho —- ch 3 ch=chcho + h 2 o 

OH 

11-35 HINSBERG REACTION 

A method of classifying or separating amines by difference of behavior 
with bcnzenesulfonyl chloride (page 389): 


rnh 2 + c 6 h 5 so 2 ci + 

2 OH ' 

© 

— rnso 2 c 6 h 5 + Cl 

+ h 2 o 



(alkali soluble) 


R?nh + c 6 h 5 so 2 ci + 

OH' 

— r 2 nso 2 c 6 h 5 + cr 

-f 

I 

K) 

o 



(insoluble) 



11-36 HOFMANN ELIMINATION 

A method of eliminating amino nitrogen by the formation of quater¬ 
nary ammonium hydroxides and their thermal decomposition (pages 301 - 
303): 

© A 

R 2 CHCH 2 N(CH 3 ) 3 OH'-► R 2 C=CH 2 + (CH 3 ) 3 N + h 2 o 

11-37 HOFMANN REARRANGEMENT 

Formation of amines or, with special conditions, isocyanates, from 
amides with shortening of the carbon chain by one atom by treatment 
w ith halogen and alkali (pages 311,514-516): 

RCONH 2 + Br 2 + 4 OH' — RNH 2 + C0 3 2 ' + 2 Br' + 2 H 2 0 
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11-38 HOFMANN SYNTHESIS OF AMINES 
Reaction of alkyl halides with ammonia (page 278): 

DV py 

RX + NH 3 — RNHj-► R 2 NH -► R 3 N 


11-39 HOFMANN-MARTIUS REARRANGEMENT 

Rearrangement of aromatic secondary amines similar to the benzidine 
rearrangement and with similar mechanism: 



11-40 HUNSDIECKER REACTION 

Preparation of alkyl chlorides or alkyl bromides by treatment of silver 

alkanoates with free halogen (also called Borodine-Hunsdiecker Reac¬ 
tion): 

_ . © © 

RC0 2 Ag + Br 2 — RBr + AgBr + C0 2 (g) 


11-41 JACOBSEN REARRANGEMENT 

Rearrangement and transmigration of alkyl groups on highly alkylated 
arenes by treatment with sulfuric acid (pages 523-525): 



11-42 KIUANI-FISCHER SYNTHESIS 
A method for lengthening the carbon chain in aldose series (page 699): 

RCHO + HCN RCHOHCN —-—* RCHOHCOOH —► 

R CHOH — C—O —— -» RCHOHCHO 


O 



884 APPENDIX 


11-43 KNOEVENAGEL REACTION 

A type of condensation involving the use of a secondary amine as the 
basic condensing agent: 

R NH 

RCHO + YCOCH 2 COY' —-* YCOC—COY' 4 H 2 0 

CHR 

11-44 KOLBE ELECTROLYTIC SYNTHESIS 

Preparation of symmetrical alkanes by electrolysis of alkali metal salts 
of carboxylic acids (page 543): 

2RCO~-2e~ -*• R—R + 2 C0 2 

II 

O 

11-45 KOLBE-SCHMITT SYNTHESIS 

Preparation of o-carboxyphenols from phenols: 

ONo + C0 2 




11-46 LEUCKART REACTION 

An oxidation-reduction reaction similar to the crossed Cannizzaro reac¬ 
tion in which an aldehyde is converted to a primary amine: 

RCHO 4 NH/ " OCHO — RCH 2 NH 2 + C0 2 + H 2 0 

11-47 LOSSEN REARRANGEMENT 

A rearrangement of hydroxylamides similar to the Curtius and Hof¬ 
mann rearrangements (pages 514-516): 

p,o, 

RCNHOH- — RN=C=0 4 H 2 0 

II 

O 

II 48 MALAPRADE REACTION 

An oxidation suitable for distinguishing vicinal dihydroxy compounds 
or for cleaving such compounds to aldehydes and ketones (page 562): 

RCH—CHR' 4 H 3 I0 6 — RCHO 4 R'CHO 4 HI0 3 4 3 H a O 


OH OH 
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11-49 MANNICH REACTION 

Replacement of active hydrogen atoms in organic compounds by 
aminomethyl groups through the reaction of amines and formaldehyde: 



11-50 MEERWEIN-PONNDORF-VERLEY REACTION 

A base-catalyzed equilibrium between two alcohols and the correspond¬ 
ing carbonyl compounds which is driven to completion by the continuous 
removal of the most volatile component, usually acetone, by distillation 
(pages 490 492): 

AI(OCH(CH 3 ) 2 ) 3 

R—c—R' 4- CHj—CH—CHj ^ ■- a - 

O OH 

R—CH—R' 4- CHj—C —CH 3 (g). 

I II 

OH O 


11-51 MICHAEL REACTION 

Addition of active methylene compounds to a\/3-unsaturated esters, 
ketones, or nitriles (pages 476-477): 

C*HjCH = CHC0 2 C 2 H s 4 CH 2 (C0 2 C 2 H 3 ) 2 Ji oOC * H » - C 6 HjCHCH 2 C0 2 C 2 Hj 

CHICOjCjHj), 


11-52 OPPENAUER OXIDATION 

The reverse of the Meerwein-Ponndorf reaction, driven to completion 
by a large excess of acetone (or other ketone) (pages 491 492): 


RCHR' 4- CH,CCH, 

I II 

OH O 


RCR' 4- 

II 


O 


CH 3 CHCH 3 

OH 


11-53 PERKIN CONDENSATION 

Condensation of an aromatic aldehyde with an acid anhydride by the 
use of sodium acetate as the catalyst (pages 458 459): 

C*HjCHO 4- (RCH 2 C0) 2 0 —C 6 HjCH —CR — C0 2 H 4- RCH 2 CO,H 
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11-54 RASCHIG PROCESS 
A method for the manufacture of phenol: 

* °. y >«.».«» 

11-55 REFORMATZSKY REACTION 

Reaction of carbonyl compounds with a-haloesters and zinc to give 
^-hydroxy esters (page 438): 

\ 


.c=0 + Zn + BrCCOjR 


—c—c— co 2 r 

I I 

OH 


11-56 REIMER-TIEMANN REACTION 
Formylation of a phenol with chloroform (page 367): 



OH + CHClj + 3 NaOH 



OH + 3 NaCI + 2H a O 


CHO 


11-57 ROSENMUND REDUCTION 
The catalytic reduction of an acid halide to an aldehyde (page 577): 

D/-/-I •. Pd-BaS0 4 

R CCI + H 2 -RCHO + HCI 


o 


11-58 RUFF DEGRADATION 

A method of degrading aldoses to the aldoses of one less carbon atom 
(page 699): 


CH—O 

I 


COOH 

| 


COO^ 

1 2 



CHOH 

1 


CHOH 

f 


CHOH 

i 

(CHOH)„ 


CHO + CO 
• 

(CHOH) n 

Br 2 

1 

(CHOH)„ 

Co(OH) 2 

Fe 3+ 

1 

(CHOH)„ 

HjO 


h 2 o 3 

CH 2 OH 


CH 2 OH 


CH 2 OH 

CH 2 OH 


11-59 SABATIER-SENDERENS REACTION 

Hydrogenation of carbon-carbon double bonds in the presence of 
nickel catalyst (page 575): 

^ | % 

r 2 c=cr 2 + h 2 —R 2 CHCHR 2 
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11-60 SANDMEYER REACTIONS 

The replacement of a diazonium group through the agency of a cuprous 
salt (page 499): 

HY 

N a + cr + CuY 




+ N 2 + CuCI (Y 


Cl, Br,CN) 


11-61 SCHMIDT REARRANGEMENT 

Conversion of a carboxylic acid to an amine one carbon atom shorter 
by treatment with hydrazoic acid; similar to Curtius rearrangement (pages 
311-312,514-516): 

RCOjH + HN 3 H i so i » (rcon=N=N — R—N=C=0] — 

OH" 

rnh 3 + -► rnh 2 

11-62 SCHOTTEN-BAUMANN REACTION 

Acylation of an alcohol, phenol, or amine with an acyl halide or an¬ 
hydride in alkaline solution (page 381): 

RCCI + R'OH + NaOH — RCOR' + NaCI 4- H 2 0 

O O 

11-63 SKRAUP SYNTHESIS 

A method for preparing quinoline: 

2C 4 HjNH 3 + 3 HOCH 2 CHOHCH 2 OH + C 6 H s N0 2 — * S ° 4 ■ 

+ IIH,0 



11-64 STEPHEN REDUCTION 

Reduction of a nitrile to an aldehyde by the use of stannous chloride 
(page 585): 

RC=N + SnCl 3 + 3 HCI + H 2 0 -* 


RCHO + NH 4 CI + SnCI 4 
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11-65 STEVENS REARRANGEMENT 

Alkaline rearrangement of benzyldialkylammoniomethyl ketones to a- 
dialkylamino ketones (page 523): 

0 

C 6 H 5 CH 2 NR 2 CH 2 COAr + OH" — C 6 H 5 CH 2 CHCOAr + H 2 0 

NR 2 

11-66 STRECKEP. SYNTHESIS 
A method for the preparation of amino acids from aldehydes: 

H + 

RCHO + NH 4 CN — H 2 0 + RCHCN-- RCHC0 2 _ 

I h 2 o , 

nh 2 ©nh 3 


11-67 TISHCHENKO REACTION 

Conversion of 2 moles of aldehyde into an ester using an anhydrous 
metal alkoxide (page 490): 


2 RCHO 


rco 2 ch 2 r 


11-68 ULLMANN REACTION 

Synthesis of biaryls by coupling of aryl iodides with powdered copper: 



11-69 WAGNER-MEERWEIN REARRANGEMENT 

Any of several carbonium-ion rearrangements involving 1,2-migrations 
of alkyl groups, so as to give products with rearranged carbon skeletons. 
May occur in displacements, additions, or eliminations (pages 287-289, 
511 514): 


ch 3 


CH 3 —C=CH—ch 3 

I 


ch 3 

— c — CH 2 OH 


1 

| 

ch 3 




ch 3 —c— ch 2 ch 3 

ch 3 
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11-70 WALDEN INVERSION 

Inversion of configuration about a carbon atom in a displacement re¬ 
action; a characteristic of the direct displacement mechanism (pages 262- 

263,629-631): 



H"/ ' 

ch 3 ch 2 


ketone solvent 

— — ——♦ 



11-71 WILLGERODT REACTION 

A method for producing aromatic acid derivatives with the carboxyl 
group at the end of a side chain (pages 529-530): 

C 4 H 5 C(CH 2 ) b CH 3 + (NH^Sj 
O 

QH,(CH 2 ) B CH 2 CNH 2 + NH,SH + H 2 S 

o 


11-72 WILLIAMSON SYNTHESIS 


The preparation of ethers from an alkoxide and 
278): 


a halide (pages 277 


RX + R'O" — ROR' + X" 


11-73 WITTIG SYNTHESIS 

The preparation of olefins from carbonyl compounds and triphenyl- 
phosphine ylides (pages 428-430): 

R 2 C“=0 + (C 4 Hj),??HR' — (C 4 H 5 )jP—O + R 2 C=CHR' 
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11-74 WOHLER SYNTHESIS 

The preparation of urea from an ammonium salt and a cyanate (page 
411): 

(NH 4 ) 2 S0 4 + Pb(NCO)2 — PbS0 4 + 2 COfNH*)* 

11-75 WOHL DEGRADATION 

A reversal of the cyanhydrin synthesis applied to the degradation of 


aldoses (page 699): 




CHO 

| 

CH=NOH 


C=N 


CHOH 

| 

CHOH 

• 


| 

CHOCOOCH 3 

1 


(CHOH)„ 

NH 2 OH J 

(CH 3 C0) 2 0 

1 

(CHOCOCHj) n 

Ag 2 0 

(CHOH), 

CHjCOONo 

nh 3 

CH 2 OH 

ch 2 oh 


CH 2 OCOCH 3 


nh 2 

| 

CHO 




CHOH 

(CHOH), 

HCI c!h j0 h 




I 

(CHOH)„ 




CH 2 OH 





11-76 

WOLFF REARRANGEMENT 




The diazoketone rearrangement step in the Arndt-Eistert synthesis 
(page 504): 

RCCHN ? — *—• RCH=C=0 + N 2 
O 

11-77 WOLFF-KISHNER REDUCTION 

Reduction of a keto group to a methylene group by way of the hydra- 
zone (pages 505 507): 

KOH 

R —C — R' - —* R —CH 2 —R' + N 2 

|| or NaOR 

N — NH 2 

11-78 WURTZ REACTION 

Coupling of alkyl halides with sodium (pages 434, 532): 

2 RX + 2 No — R—R + 2 NoX 
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11-79 ZEISEL METHOXYL DETERMINATION 

A technique for ascertaining the presence of methoxyl or ethoxyl groups 
in ethers by treatment of the ethers with hydriodic acid (page 285): 

ROR' + 2 H + + 2 n —Rl(g) + R'l + H 2 0 

11-80 ZEREVITINOFF METHOD FOR ACTIVE HYDROGEN 

Treatment of a compound with methylmagnesium iodide to determine 
the equivalents of replaceable (acidic) hydrogen (also Chugaev-Zereviti- 
noflf method): 



The volume of evolved methane is measured. 




General Nomenclature 
Table 


In the following table, compounds are listed alphabetically by their common 

names. Cross references are provided when more than one name is commonly 

used. Trivial (nonsystemalic) names are given in boldface. Common names 

sanctioned bv the IUPAC are marked with an asterisk. Names that differ from 

* 

these, but are used in Chemical Abstracts indices, are identified by a super¬ 
script (A. 


Common Name 

Structure 

IUPAC Rules Name 

acetal 

diethvl acetal 

/OC 2 H5 

CHjCH 

l.l-diethoxyethane 

• 

acetaldehyde 

OC 2 H 5 

CHjCHO 

cthanal 

acetamide 

CH 3 CONH 2 

ethanamide 

acelamidine 

nh 2 

CH < 

ethanamidine 

acela nilide 
aniifebrin 

NH 

C 6 H 5 NHCOCHj 

/V-phenylethanamide 

acetate* 

ch 3 co 2 — 

ethanoate 

prefix: acetoxv 
acetic acid* 

ch 3 co 2 h 

prefix: ethanoyloxy 
ethanoic acid 

aceto see acet\ 

aceloln dra/ide 

CHjCONHNH: 

ethanohydra/ide 

acetolndroxamic acid 

CH 3 CONHOH 

ethanohydroxamide 

aceto) 

ch,cch 2 oh 

' ' ii 

1 -hydroxy-2-propanone 

acetone 

11 

O 

ch,coch 3 

propanone 

acetonitrile 

CH,C “N 

ethanonitrile 

acetophenone 

C 6 H>COCM 3 

l-phen> lethanone 
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Common Name 


Structure 


IUPAC Rules Name 


/>-acelotoluidide 

A'-p-tolylacctamidc* 


CH, 



N HCOCHj 


/V-4-mcthylphen> lelhan 
amide 


acctoxy: sec acetate 
acetyl* 

CHjC — 

II 

ethanoyl 


II 

O 


acetylene* 

HC=CH 

ethyne 

acelylenyl 

HC=C — 

elhynyl 

acetyl nitrate 

ch,cono 2 

II 

ethanoyl nitrate 


II 

o 


acrolein 

ch 2 =chch=o 

2-propenal 

acrylic acid 

ch 2 =chco 2 h 

propenoic acid 

acrylonitrile 

ch 2 =chc*n 

propenonitrile 

adipic acid 

hococh 2 ch 2 ch 2 ch 2 co 2 h 

hexanedioic acid 

alanine 

CHjCH—C0 2 ® 

1 

2-aminopropanoic acid 


NH,® 


aldrin 

Cl 



1,2,3,4,10.10-hcxa- 
chloro-l ,4,4a,5,8.8a 
hexahydro-1.4:5.8- 
dimelhanonaph- 
thalenc 



rotetracyclo- 
(6.2.1.1 1,6 .0 2 7 )4.9- 
dodecadiene 


allene 

allylamine* 
ally I chloroformate 
chloroformic acid ally I 
ester r * 

ally I isothiocyanatc* 
ally I mustard oil 
isothiocyanic acid ally I 
ester'* 

ally I mercaptan 
ally I mustard oil: 

see ally I isothiocyanate 

/j-aminobcn/oic acid 
a-n-amylcnc 


h 2 c=c=ch 2 

ch 2 =chch 2 nh 2 

ch 2 =chch 2 ococi 

CH 2 =CHCH 2 N=C=S 


CH 2 =CHCH 2 SH 


cn. -chch 2 ch 2 ch, 


propadiene 

2-propenylamine 

2-propenoxymcthanoyl 

chloride 

2-propenyl isolhioeva- 
nate 

2-propcnc-1 -thiol 

4-aminoben/enecarbov- 
ylie acid 

I -pentene 
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Common Name 


#-n-amylene 

as: 


irons: 

aniline* 

anilinium chloride 

aniline hydrochloride CA 
anisole 


anthracene* 


anthraquinone 

(9.10-*) 


arachidic acid 
azelaic acid 
BAL 

British antilewisite 
rt./^-dithioglycerol 
bcnzalaniline 

A-benzylidcneaniline CA 

benzaldehyde 

benzamide 


benzene* 


benzenesulfonamide 
henzenesulfonic acid 
benzoate 

prefix: henzoyloxy 


Structure 


IUPAC Rules Name 


CH 3 CH 2 CH 3 

X C=C / 

/ \ 

H H 


ch N / H 

H CH 2 CH, 


c 6 h 5 nh 2 

C 6 H S NH 3 + Cr 


C 6 H s OCH 3 



o 


CH 3 (CH 2 ) i8 C0 2 H 

HOCO(CH 2 ) 7 C0 2 H 

hsch 2 chch 2 oh 

I 

SH 

C 6 HsCH=NC 6 H s 

c 6 h 5 ch— o 
.nh 2 



c 6 h 5 so 2 nh 2 

c 6 h,so,h 

c 6 h 5 co 2 - 


m-2-pentene 


/ra/w-2-pentene 


phenylaminc 
phenylammonium chlo¬ 
ride 

methoxybenzene 


anthracene 


9,10-dihydroanthracene 
9.10-dione 


eicosanoic acid 
nonanedioic acid 

2,3-dimercapto-l- 

propanol 

yV, I -diphenylmet hyli- 
deneimine 

benzenecarbaldehyde 

benzenecarbonamide 


benzene 


benzenesulfonamide 
benzenesulfonic acid 
benzenecarboxylate 
prefix: benzenecarboxy 
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Common Name 


benzoic acid 
benzonitrile 
benzophenone 

benzoquinone (1,4— *) 
quinone CA 

benzoyl 

benzoyloxy: see benzoate 
benzyl alcohol 

bornane* 

camphane CA 


brassilic acid 
British anlilewisite: sec 
BAL 

/>-bromobenzenesulfonyl 

brosyl 

bromoform 

brosyl: see />-bromobcn- 
zencsulfonyl 
butadiene 
2'-bulylamine* 

a-bulylenc 

0-butylene 

cis 


lran.% 

n-bulyraldehyde 
n-bulyric acid 
cadaverfne 


Structure 


c 6 h s co 2 h 

C 6 HjC=N 

c 6 h 5 coc 6 h 5 



c * H r 

o 


c 6 h s ch 2 oh 



H0C0(CH 2 )hC0 2 H 



CHi—CHCH—CH 2 

ch,ch 2 chnh 2 

I 

CH, 

CH*—CHCH 2 CHj 


CH 


H 

CH, 

H 


\ 


c=c 




\ 


\ 


c=c 




\ 


CH, 

H 

H 

CH, 


CH,CH 2 CH 2 CHO 

ch,ch 2 ch 2 co 2 h 

H 2 N(CH 2 ),NH 2 


1UPAC Rules Name 

benzenecarboxylic acid 
benzenecarbonitrile 
di phenyl met hanone 

1,4-dihydro-1,4-benzene- 
dione 

2,5-cyclohex ad iene- 
1,4-dione 
oenzenecarbonyl 


phenylmethanol 

1,7,7-trimethylbicyclo- 
(2.2.1 Jhcptane 


tridecanedioic acid 


4-bromobenzcncsulfony I 
tribromomethane 

1.3-butadiene 
I -methylpropylamine 

I -butene 


m-2-bulenc 


rrum-2-butenc 

butanal 

butanoic acid 

penlameth>lenediamine 
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Common Name 


camphane: see bornane 
/j-capraldehyde 
n-capric acid 
n-caproaldehyde 
/r-caproic acid 
fl-caprylaldehyde 
/7-caprylic acid 
carbamide: see urea 
carbonic acid* 


catechol 

(see also pyrocatechol) 


cellulose trinitrate* 
nitrocellulose 
cordite (about 2.7 ni¬ 
trate groups per unit) 


ceryl alcohol 
cetyl alcohol 

chlordan 

1 .2.4,5,6,7,8,8-octu- 
chloro-3a,4.7,7a- 
tetrahydro-4.7- 

(' A 

meihanoindan 


chloroform 

cinnamaldchvde 

cordite, see cellulose 
nitrate 


Structure 


CHj(CH 2 ) 8 CHO 

CH 3 (CH 2 ) 8 C0 2 H 

CH 3 (CH 2 ) 4 CHO 

ch 3 (ch 2 ) 4 co 2 h 

CH 3 (CH 2 ) 6 CHO 

ch 3 (ch 2 ) 6 co 2 h 

HOCOH 

II 

o 




OH 


CH 3 (CH 2 ) 25 OH 

CH 3 (CH 2 ) i5 OH 



(CA numbering) 


CM Cl, 

C„HsCH=CHCHO 


IUPAC Rules Name 


decanal 
decanoic acid 
hexanal 
hexanoic acid 
octanal 
octanoic acid 

hydroxymethanoic acid 

2-(3.4-dihydroxyphenyl)- 
1,2.3.4-tetrahydro-1 - 
oxanaphthalene-3.5,7- 
triol 


1 -hexacosanol 
l-hcxadecanol 

1,3.4.7,8,9,10,10-octa- 
chloro-8-lricyclo- 
(5.2.1.0 2 ' 6 ]decene 


trichloromethane 

3-phenyl-2-propenal 



GENERAL NOMENCLATURE TABLE 897 


Common Name 

cresol 


o- 


m- 


P- 


crotonaldehyde 
crotonic acid 
cumene* 

cyanamide 

cyanogen 

cyclohexanone 

cyclopropcnc 


p-cymcne* 


DDT 

dichlorodiphenyltri- 
chlorocthane; 1,1,1- 
lrichloro-2.2-bis(/>- 
chlorophenyl)ethane tA 


Structure 


OH 



CH, 

CH)CH =CHCHO 

ch,ch=chco 2 h 

CH jCHCHj 
C 6 H, 

h 2 nc=n 

N=C—C =N 





1UPAC Rules Name 


2-methylphenol 


3-methylphenol 


4-mcthylphenol 


2-butenal 
2-butenoic acid 
I -melhylethy (benzene 
2-phenylpropane 

aminomethanonitrile 

cthanedinitrile 

cyclohexanone 


cyclopropene 


l-melhyl-4-( 1-methyl- 
cthyl)benzcne 


1,1.1 -inch loro-2,2-bis(4- 
chlorophcnyl)ethune 
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Common Name 


/j-dichlorobenzene 


diethanolamine 

Z' A 

2,2-iminodiethanol 

diethylenetriamine 

diisopropyl 

dimelhylacelylene 
dimethylamine sulfate 

/V, jV-dimethylaniline 

gew-dimethylcyclopro- 

pane 

v/r-dimethylcyclopropane 

cis 


Ira ns 


dimethyl sulfoxide 
DM SO 

methvl sulfoxide CA 
* 

dioxane 

CA 

p -dioxane 


ditane 

«,itf*dithioglycerol: see 
BAL 


Structure 


IUPAC Rules Name 


Cl 



Cl 


(HOCH 2 CH 2 ) 2 NH 

(H 2 NCH 2 CH 2 ) 2 NH 
CHjCH— CHCH, 

I I 

CH, CH, 
CH,C=CCH, 
[(CHj) 2 NH 2 ' f ) 2 S0 4 2- 

CH, 

C.HsN 

CH, 

CHu CH, 

CH,-CH, 


1,4-dichlorobenzene 


bis(2-hydroxyethyl)- 

amine 

bis(2-aminoethyl)amine 

2,3-dimethylbutane 

2-butyne 

dimethylammonium 

sulfate 

A'./V-dimethylphenyl- 

amine 

1,1 -dimethylcyclopro- 
pane 



O 

I 

CH,—S—CH, 



C 6 H,CH 2 C 6 H, 


cis- 1,2-dimethylcyclopro- 
pane 


irons- 1,2-dimethylcycIo- 
propane 


methylsulfinylmethane 


1,4-dioxane 

1,4-dioxinane 


diphenylmethane 


GENERAL NOMENCLATURE TABLE 899 


Common Name 


Strut-lure 


IUPAC Rules Name 


durene 


elaidic acid 


«-enanthaldehyde: see 
heptaldehyde 
fl-enanthic acid 
ethanolamine 
2-aminoethanol CA 
ether: see ethyl ether 
ethylene* 
ethylenediamine 
ethylene glycol 
glycol 

ethylene oxide 


elhylenimine 


ethyl ether 
ether 

ethyl phenyl ketone, see 
propiophenonc 
Jj’/w-ethyl phenyl urea 

fluorene* 


formaldehyde 


formate 
prefix, formoxy 

formic acid* 



.CH 3 

1,2,4.5-tetramethy Iben- 
zene 


'CH 3 


CH 3 (CH 2 ) 7 

H 

irons- 9-octadecenoic acid 

\ 

/ 



H (CH 2 ) 7 C0 2 H 


CHj(CH 2 ) 5 C0 2 H 

hoch 2 ch 2 nh 2 


heptanoic acid 
2-hydroxyethy lamine 


H 2 C=CH 2 

h 2 nch 2 ch 2 nh 2 

HOCH 2 CH 2 OH 


ethene 

ethylenediamine 
I .l-elhanediol 



ch 2 —ch 2 

\/ 

NH 


(CHjCH 2 ) 2 0 


epoxyethane 

oxirane 


aziridine 


ethyoxyelhanc 


CH)CH 2 NHCONHC«H s 



H— C — H 

II 

o 

hco 2 — 


HC 


% 


OH 


O 


A-ethyl-A’-pheny I urea 
fluorene 


melhanal 


methanoale 

prolix: methanoylow 


methanoic acid 
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Common Name 


Structure 


IUPAC Rules Name 


formoxy: see formate 
formyl* 

HC — 

II 

O 


methanoyl: formyl pre¬ 
ferred 

fulvene 

ch 2 

II 

f 

ch 2 

A 

5-methylidenc-l,3-cyclo- 

pentadiene 


/ \ or 

CH CH 

Ml 



II II 

CH-CH 




fumaric acid 

HOCOCH 

rrfl/;.v-butenedioic acid 


HC—C0 2 H 


furan 

u 

oxole 

glutaric acid 

H0C0(CH 2 )jC0 2 H 

pentanedioic acid 

glycerol 

hoch 2 chch 2 oh 

1,2.3-propanetriol 


OH 


glyceryl trinitrate 

o 2 noch 2 chch 2 ono 2 

1,2.3-propane trinitrate 

nitroglycerin CA 

1 



© ono 2 


glycine 

h 3 nch 2 co 2 ' 

aminoethanoic acid 

aminoacetic acid 



glycol: see ethylene glycol 



glycolic acid 

hoch 2 co 2 h 

hydroxyethanoic acid 

hydroxyacetic acid* 



glyoxalic acid 

hcco 2 h 

oxoelhanoic acid 

glyoxylic acid CA 

II 

o 


guanidine* 

h 2 ncnh 2 

II 

guanidine 


NH 


hemimellitene 

CHj 

1,2.3-trimethylbenzene 



heptachlor 

3,4,5,6.7,8,8-hcpta- 

chloro-3a,4,7,7a- 

tctrahydro-4,7- 

A 

melhanoindcne 



(CA Numbering) 2 


1,5.7,8,9,10,10-hepta- 
chloro-3,8-tricyc!o- 
(5.2.1.0 2 ‘ 6 ]decadiene 



GENERAL NOMENCLATURE TABLE 901 


Common Name 


Structure 


n-heptaldchydc 

n-enanthaldchydc 

hexahydrobenzoic acid 


1,6-hexanediaminc 

hydrindene 

indan CA 


hydrogen cyanide 

^ a 

hydrocyanic acid 

hydroquinone 

p-dihydroxybenzene 

indene* 


iodoform 

isoamyl nitrite 
amyl nitrite 
isobutylene 
isobutyraldehyde 
isooctane 

(improper name) 


isoprene 

isopropylclhylene 

isovaleraldehydc 
ketene* 
lactic acid 


lauric acid 
n lauryl alcohol 
dodecyl alcohol 1 A 


CH 3 (CH 2 ) 5 CHO 





(CH 3 ) 2 CHCH 2 CH 2 0N=0 


(CH j) 2 C=CH 2 
(CH 3 ) 2 CHCHO 
CH, 

ch 3 cch 2 chch 3 

ch 3 ch 3 
ch 2 =cch=ch 2 

ch 3 

ch 3 chch=ch 2 

I 

ch 3 

(CH 3 ) 2 CHCH 2 CHO 
CHi—C—O 

ch 3 chco 2 h 

I 

OH 

CH 3 (CH 2 ) l0 CO 2 H 

ch 3 (CH 2 )ioCii 2 oh 


IUPAC Rules Name 
heptanal 

cyclohexanecar boxy lie 
acid 

hexamethylenediaminc 
1,2-dihydroindene 

methanonitrile 
1,4-benzenediol 

indene 


triiodomethane 
3-methylbutyl nitrite 

2-methylpropene 
2-methylpropanal 
2,2,4-tri met hylpen lane 


2- methy I- 1,3-butadiene 

3- methyl-l -butene 

3-melhylbulanal 

ketene 

2-hydroxypropanoic acid 

dodecanoic acid 
I -dodecanol 
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Common Name ’ 


Structure 


IUPAC Rules Name 


lindane 

7 -benzene hexachloride 


Cl 



Cl 


1,2,3,4,5,6-hexachloro- 
cyclohexane(one 
stereoisomer) 


linoleic acid 


CH 3 (CH 2 ) 4 


\ 


/ CH >\ / 

c=c c=c 

H / X H X H 


m.m-9,12-octadecadi- 
enoic acid 

(CH 2 ) 7 C0 2 H 


linolenic acid 


CH 3 CH 2 


H 


\ 


/ 


C = 


/ ch n 

C c 


/ ch N 

C C 

X H h' 


=C 


/ 

\ 


cis.cis,cis- 9.12,15-octa 
decatrienoic acid 
(CH 2 ) 7 C0 2 H 


H 


maleic acid 


maleic anhydride 


m aleimide 


malic acid 


malonic acid 
malononitrile 


HC 

II 

HC 


HC 

HC 


O 

-COH 

-COH 

II 

O 

o 

II 

c 


\ 


o 


c 

II 

o 


/ 


o 



NH 



o 



o 

hocochch 2 co 2 h 

OH 

hococh 2 co 2 h 

n=cchx=n 


r/.r-butenedioic acid 


m-butenedioic anhydride 


m-butenedioimide 


2-hydroxybutanedioic 

acid 

propanedioic acid 
propanedinitrile 



GENERAL NOMENCLATURE TABLE 903 


Common Name 


Structure 


IUPAC Rules Name 


mesitylene* 


methacrolein 

methacrylaldehyde CA 

meihacrylic acid 

methylacelylene 
melhyl acid sulfate 
methylsulfuric acid CA 
methylamine hydrochlo¬ 
ride 

-V-melhylaniline 

meihyl-2°-butylamine* 



ch 3 

ch 2 =cco 2 h 


ch 3 

ch 3 c=ch 

ch 3 oso 2 oh 

CH 3 NH 3 + C|- 

c 6 h 5 nhch 3 

CH 3 CH 2 CH—NH—CH 

I 

CH i 


methyl carbylamine: 

see methyl isocyanidc 
melhyl cyanide: 

see acetonitrile 
methylcyclopropane 



1,3,5-trimethylbenzene 


2-methyl-2-propenal 


2-methylpropenoic acid 


propyne 

methyl hydrogen sulfate 

methylammonium chlo¬ 
ride 

/V-methylphenylamine 
methyl( I -methylpropyl)- 
umine 


methylcyclopropane 


a-methyldecalin 
(4 stereoisomers) 



dccahydro-1 -methyl- 
naphthalene 


CH 



9-methyldccalin 
(2 stereoisomers) 


deca hydro-4a-melhyl - 
naphthalene 


or 
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Common Name 


Structure 


IUPAC Rules Name 


methyldithiomethane 

methoxymethane 


methyl disulfide 
methyl ether 
dimethyl ether 
methyl ethyl ketone 


methyl ethyl sulfone 

methyl isocyanide 
methyl nitrate 
methyl sulfate 
monothioglycol 
mustard gas 
bis(2-chloroethyl)sul- 
fide CA 
mustard oil: 

seeallyl isothiocyanate 
myricyl alcohoi 
myristic acid 
myristyl alcohol 

naphthalene* 


naphthaquinone 

1,4-naphthoquinone CA 


a-naphthol 


tf-naphthol 

nitrobenzene 


CHjSSCHj 

CHjOCHj 

CH 3 CH 2 CCH 3 

II 

o 

o 

I 

ch 3 ch 2 sch 3 

o 

ch 3 n=c=o 

ch 3 ono 2 

ch 3 oso 2 och 3 

hsch 2 ch 2 oh 

(CICH 2 CH 2 ) 2 S 


CH 3 (CH 2 ) 29 CH 2 OH 

ch 3 (ch 2 ) 12 co 2 h 

CH 3 (CH 2 ) 12 CH 2 OH 


(a) 




butanone 


methylsulfonylethane 

methyl isocyanide 
methyl nitrate 
methyl sulfate 
2-mercaptoethanol 
l-chloro-2-(2-chloro- 
ethy!thio)ethane 


l-untriacontanol 
tetradecanoic acid 
l-tetradecanol 

naphthalene 


1,4-naphthaquinone 


l-naphthol 


2*naphthol 

nitrobenzene 



GENERAL NOMENCLATURE TABLE 905 


Common Name 


Structure 


nitrocellulose (improper 
name): 

see cellulose nitrate 
nitroform NO> 

HC — N0 2 

I 

no 2 

nitroglycerin (improper 
name): 

see glyceryl trinitrate 
nitromethane 
ac/-nitromethanc 


CHjN0 2 

ch 2 =noh 

O 


norbornane* 

norcamphane CA 


oleic acid 


orcinol 

tolucnc-3,5-diol* 


oxalamide 
oxamidc CA 
oxalic acid* 
palmitic acid 
fl-pelargonaldehydc 
n-pelargonic acid 


phenanthrcnc* 



CHj(CH 2 ) 7 (CH 2 ) 7 C0 2 H 

c=c' 

X H 



H0C0C0 2 H 

CHj(CH 2 ) m C0 2 H 

CHj(CH 2 ) 7 CHO 

CHj(CH 2 ) 7 C0 2 H 


10 I 



IUPAC Rules Name 


trinitromethanc 


nitromethane 

flc/-nitromcthane 


bicyclo(2.2.1 |heptane 


m-octadecenoic acid 


5-meth> Iben/ene-1,3-diol 


elhancdiamide 

ethanedioic acid 
hexadecanoic acid 
nonanal 
nonanoic acid 

phenanthrene 


cthoxyben/cne 


phenctole 
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Common Name 


Structure IUPAC Rules Name 


phenol 

phenylacetic acid 
phenylhydrazine 
phenylhydrazine hydro¬ 
chloride 

phenyl isocyanate 
phenyl sulfone 


C 6 H 5 OH 

c 6 h s ch 2 co 2 h 

c 6 h 5 nhnh 2 

c 6 h 5 nhnh 3 + ci- 

c 6 h 5 n=c=o 

c 6 h s so 2 c 6 h 5 


phenol 

phenylethanoic acid 
phenylhydrazine 
phenylhydrazinium chlo 
ride 

phenyl isocyanate 
phenylsulfonylbenzene 


phthalic acid 


phthalic anhydride 


phthalide 


phthalimide 


phthaloyl 




1,2-ben2enedicarboxylic 
acid 


1,2-benzenedicarboxylic 
anhydride 


2,3-dihydro-2-oxa-1 -in- 
denone 


1,2-benzenedicarboni- 
mide 


1,2-benzenedicarbonyl 


phytol 


3.7,11,15-tetramethyl-2- 
hexadecen-l-ol 

(CHj) 2 CHtCH 2 ) 3 CH(CH 2 ).,CH(CH 2 ) 3 C=CHCH 2 OH 

ch 3 ch 3 ch 3 


picric acid 



2,4,6-trinitrophenol 


pimelic acid 
pivalaldehyde 

trimethylacetaldehyde 
pivalic acid 

trimcthylacetic acid 


HOCO(CH 2 ) 5 C0 2 H 

(CH 3 ) 3 CCHO 


(CH 3 ) 3 CC0 2 H 


heptanedioic acid 

2.2- dimethylpropanal 

2.2- dimethylpropanoic 
acid 




GENERAL NOMENCLATURE TABLE 907 


Common Name 


potassium ethyl sulfate 
ethyl potassium sul> 
fate CA 

propionic acid 
propiophenone 
ethyl phenyl ketone 

propylene 

pseudocumene 

putrescine 

pyridine 

pyrocatechol ( A 

catechol (which sec) 


pyrrole 


pyruvic acid 


quinoline 


quinone: see ben/oquinone 
resorcinol 


Structure 


CHjCH 2 OS0 3 "K + 


CH 3 CH 2 C0 2 H 

C 6 H 5 CCH 2 CHj 

o 

ch 3 ch=ch 2 



ch 3 

H 2 N(CH 2 ) 4 NH 2 



I 

H 

ch 3 —c—co 2 h 

II 

o 

5 4 




IUPAC Rules Name 
potassium ethyl sulfate 

propanoic acid 
I -phenyl-1 -propanone 

propene 

1,2,4-trimethylbenzene 

let ra met hylenedia mine 
azine 

1.2- benzenediol 

a/ole 

2-oxopropanoic acid 

I -azanaphlhalene 

1.3- ben/cncdiol 
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Common Name 


Structure 


IUPAC Rules Name 


salicylic acid 
o-hydroxybenzoic acid 

sebacic acid 
semicarbezide* 

spirohexane 



H0C0(CH 2 ) 8 C0 2 H 

h 2 nconhnh 2 
ch 2 /CH 2x 

I c \ / CH 

ch 7 ^ x ch 2 


2-hydroxy benzenecar 
boxylicacid 

decanedioic acid 
semicarbazid.e 

spirohexane 


5>m-spiroun decane 



spiro[5.5]undecane 


stearic acid 
styrene 


CH 3 (CH 2 ) i6 C0 2 H 

c 6 h 5 ch=ch 2 


suberic acid 
succinic acid 

succinimide 


tetraethylammonium 

iodide 

tetrahydrofuran 

THF 


H0C0(CH 2 ) 6 C0 2 H 

hococh 2 ch 2 co 2 h 


ch 2 

ch 2 


CO 


\ 


NH 


/ 


CO 


(CH 3 CH 2 ) 4 N + I 



tetralin 


letranitromethane 


thapsic acid 
thioanisole 

methyl phenyl sulfide CA 



NO-. 

I 

o 2 n—c—no 2 

NO. 


HOCO(CH 2 ) l4 C0 2 H 

C b H 5 SCH 3 


octadecanoic acid 
phenylethene; vinylben 
zene (rather than 
ethenylbenzene) 
octanedioic acid 
butanedioic acid 

butanediimidc 


tetraethylammonium 

iodide 

oxolane 


1,2,3,4-tetrahydronaph 
thalene 


tetranitromethane 


hexadecanedioic acid 
methylthiobcnzenc 


GENERAL NOMENCLATURE TABLE 909 


Common Name 


Structure 


thiocresol 

toluenethiol CA 

o- 


m- 


P- 


thiodiglycol 

2,2'-thiodiethanol CA 

thiophene* 
thiophenol 
TNT 

trinitrotoluene 
(2.4.6-*) 

/7-tolualdehyde 

toluene* 

toluene diisocyanale 
2,4-diisocyanalololucnc 
4-melhyl-w-phcnylenc 
diisocyanale 

C* A 

/7-tolucncsulfonyl 

tosyl 



CH 3 


9 

SH 

HOCH 2 CH 2 SCH 2 CH 2 OH 

CJ 


c 6 h,sh 



IUPAC Rules Name 


2-methylbenzencthiol 


3-methylbenzenethiol 


4-methylbenzcncthiol 

• 

2-(2*hydroxyethylthio)- 

ethanol 

thiole 

benzenethiol 

2,4,6-trinitro-1-methyl- 
benzene 

4-methylbcnzenecarbal- 

dehyde 

mcthylbcn/cnc 

phcnylmclhanc 

4-mcthylben/cne-1,3- 
diisocyanatc 


4-rncthylben/encsuironyl 
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Common Name 


Structure 


toluic acid 


o- 

m- 



loluidine 

tolylamine* 


o- 

m- 

P- 

tosyl: see /Moluenesul- 
fonyl 

triethylenediamine 


trimethylacetaldehydc: 

see pivalaldehyde 
trimethylamine acid sul¬ 
fate 




7 



(CH 3 ) 3 NH + HS(V 


trimethylethylene 


trinitrobenzene 

TNB 



trinitrotoluene: see TNT 
triphenylcarbinol 

tristearin 

glyceryl tristearate 
stearin CA 


(C 6 H 5 ) 3 COH 

CH 2 OCO(CH 2 ) i6 CH 3 

! 

CHOCO(CH 2 ) 16 CH 3 


IUPAC Rules Name 


methylbenzenecarboxylic 

acid 


2 - 

3 - 

4- 

methylphenylamine 


2 - 

3- 

4- 


1,4-diazabicycIo(2.2.21- 
octane 


trimethylammonium 
hydrogen sulfate 

2-methyl-2-butene 


1,3,5-trinitrobenzene 


triphenylmethanol 

1,2,3-propane triocta- 
dccanoate 


CH 2 OCO(CH 2 ) I6 CH 3 



GENERAL NOMENCLATURE TABLE 9)1 


_Common Name Structure IUPAC Rules Name 

* r ‘ lane (C 6 H 5 ),CH triphenylmethane 

urea * H 2 NCONH 2 urea 

carbamide 

urethan H 2 NC0 2 C 2 H5 ethyl carbamate 

urethane 

/i-valeraldchyde CH,(CH 2 ),CHO pentar.al 

n-valeric acid CH j(CH 2 ),C0 2 H pcntanoic acid 

vinylacetaldehyde CH 2 =CHCH 2 CHO 3-butenal 

vinylacetylene CH 2 =CHC=CH I-buten-3-yne 


xylene 
o-( 1.2-*) 

w-d.3-*) 



dimethylbenzcne 

1 . 2 - 

1.3- 


P-d.4**) 




2,3-xylylamine* 

2.3- xylidinc CA 

2.3- dimethylanilinc 



2,3-dimethylpheny (amine 



Answers to Selected 
Questions and Problems 


Page Question 
Number Number 


Answer 


90 

90 



113 

113 


113 

113 

113 


1 13 


10 


13 


Id 


lg 

Ik 


2 a 
2f 

3b 


3d 


M.W. = 174 g./mole. C 9 H 19 F 

The arrangement of the carbon skeleton needs to be established 


OH 



H 



(CHj)jC 

OH locked in equatorial position OH locked in axial position 

/-Butyl groups must be equatorial 

H 


CH^CHt—C—CH j 2-methylbutane 

I 

CH 3 

CH 3 CH 2 CH=CHCH 2 CHj 3-hexene 
CH 3 

CHj—C— CH 2 CHCH 3 2 ,2.4-trimethyl pentane 


CH 3 CH 3 

2-Methyl-3-ethvlpentane 

2-Pcntene-4-yne 

CHj 

I 

CH 3 C-CH-C-CH 2 CH 2 CH 3 


CHj 

i 


CHjI CH 2 CHj 
CH(CHj) 2 

CHjCH=CCH 2 CHj 
CH, 


912 


ANSWERS TO QUESTIONS AND PROBLEMS 913 


Page Question 
Number Number 


Answer 


113 

4a 

Incorrect. CHjCH 2 CHCH 3 is 3-melhylpentanc. 

CH> 

1 ‘ • 

CH, 

113 

4c 

Correct. 

113 

4f 

Incorrect. Use number, not Greek letter. 
CH 3 CH 2 CHCH 2 CH=Ois 3-bromopentanal. 

Br 

113 

4g 

Incorrect. Amine is only function and should be 
phenylamine. 

114 

5c 

/<v7-butyl (common and IUPAC) 

also 1,1-dimethylelhyl (IUPAC rules) 

1 14 

5d 

sec -butyl (common and IUPAC) 

also l-methylpropyl (IUPAC rules) 

114 

5h 

0-phenethyl or 0-phenylethyl (common) 
2-phenylethyl (IUPAC) 

1 14 

5k 

//-butyryl (common) butanoyl (IUPAC) 

1 14 

51 

formyl (common and IUPAC prefix name) 
-carbaldehyde (IUPAC sulfix name) 

1 14 

6a 

cis-trans 

114 

6c 

Positional 

115 

6e 

Skeletal 

115 

6g 

cis-trans 

115 

8a 

CHjCOCH 2 CH 3 ch 3 ch 2 cch 3 

11 l 

0 o 

ethyl acetate methyl ethyl ketone 

oxygen between two single 4-carbon chain 

2-carbon chains 


1)5 


115 


8 c 


8e 


yV.'V-diethvI* 


CH,CH 2 CH 2 CH 2 COCHj ch,coch 2 ch 2 ch 2 ch, 

o o 

methyl n-valeraic 
carbonyl on 5-carbon chain, 
oxygen between carbonyl and methyl 

CHiCH 2 CCI ci-c h 2 ciucoh 


//-butyl acetate 
methyl directly on carbonyl 


O 

propionyl chloride 
chlorine on carbonyl, 
no hydroxy 


C) 

tf-chloropropionic acid 
chlorine at end of molecule 
farthest from carboxyl, 
which includes hydroxy 


115 


10a 2.5.7-bicyclo(2.2.2)octalriene 



974 APPENDIX IV 


Page 

Number 

115 

129 

136 

136 

137 

137 

137 


137 

178 


Question 

Number 


Answer 


10b Pentacyclo[4.2.0.0 2 * 5 .0 3 - 8 .0 4 ' 7 ]octane 


2c 


2h 

2k 


2n 


7b 


7 P 



CH — CH 
5 ^4 

Alcohols have unshared electron pairs which can be protonated. No. 
neutralization is a simple proton transfer from solvent conjugate 
cation to solvent conjugate anion, whereas this reaction involves a 
displacement of a group covalently bound to carbon. 

ch 3 ch=chch 3 + h 2 so 4 — ch 3 ch 2 ch—oso 3 h 


(cone.) 


I 

CH 


NR 


(CH 2 ) 6 


H 


Ni or 


Pi or Pd 

cat. 


(CH 2 ) 6 


\ 


CH 


CH 


H 


ch 3 chch 2 ch 3 

OH 


ch 3 cch,ch 3 + 

'll 

o 

K Mn0 4 solution: cyclopentane, ethylcyclopropane 
NR; l-pentene —» brown ppt. 
3CH 2 =CHCH 2 CH 2 CH 3 + 2 Mn0 4 ~ + 2 H 2 0 

3HOCH 2 CHCH 2 CH 2 CH 3 + 2 Mn0 2 + 2 OH 


OH 

Br 2 in CCI 4 : cyclopentane NR in dark; ethylcyclopropane decolonizes 
red bromine. 

CH,CH 2 -<3 + Br > "* CH,CH 2 -CHCH 2 CH,Br 

Br 


and CH 


2 ch 2 -<1 


+ Br 2 


CH 3 CH 2 —CH—CH 2 Br 

I 


CH 2 Br 

NaOH solution, boil, benzamide gives ammonia odor, vapor turns 
moist red litmus blue; 3.4-xylylamine no change. 

C 6 H 5 CNH 2 + OH - —C 6 H 5 C0 2 - + NH 3 (g) 


O 




OH 


OH 


and CH 3 I 
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178 


196 


224 

224 

224 

224 

224 

224 

224 


224 


15 


2a 

2c 

3a 

3b 


5f 


5k 


H?0 


2RCOH, known not to have O be- 


R—COC — R + 

II II 

o o o 

tween R and CO. Ease of reaction suggests cleavage in C — O—C 


O 


O 


system, not R—O—CO system as in esters. 

RCCI + RCO 2 • RCOCR + CP (no O between R and 

O O 


O 

CO). 




O 


Logical step in reaction is for Oof RC' ©to attack C=0 of RCOCI 

x o 

and form R—C—O system without separation of R and CO. 

O 

Carboxylic acids hydrogen bond at two points in the molecule, hence 
the dimers are more stable than those from alcohols, which have 
only one hydrogen bond between any two molecules. Thus, more 
energy and higher temperatures are required to dissociate car¬ 
boxylic acid molecules by boiling. Hydrocarbons have no hydrogen 
bonding, hence the smallest intermolecular forces and the lowest 
boiling points at a given molecular weight of the three kinds of 
species. 


Difluoroacelic acid 


Huoracctic acid > acetic acid 


> pentane-1-sulfinic acid > //-amyl 


Pentane- l-sulfonic acid 
mercaptan 

n-Bulylamine > ammonia > aniline 
Aniline > p-chloroanilinc > /?-nitroaniline 


5a 2HCs=CH + 2 Na 


liquid NH 
solution 


2 (HC==C:" Na + ) + 


CaCOj + 2 CH jCOOH 

+ h 2 o 

6(CH,) 2 CHOH + 2AI 


<CH 3 C0 2 ) 2 Ca + CO 

amjlgjmjtcd Al 


anh>drous 2-propanol 


2((CH,) 2 CHO],AI + 3 H 

Sodium phenoxidc. calcium acetate, sodium ben/enesullonate. potas¬ 
sium phthalimidcand sodium ethyl sullide (provided some sodium 
hydroxide is added). All others decompose in water. Even sodium 
ethyl sulfide is extensively hydrolyzed in water without added alkali 
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Answer 


8a 



major 


ch 3 o 


OH 

© 


CH 3 0 


% 


o 


© 


OH 

© 
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225 8a 
(continued) 


225 8b 


225 9 



minor 



The para methoxy acid has an additional valence bond structure, 

o© 

© / \ / 

CHjO=\ )=C V , which is lacking in the conjugate anion. 



\ 


OH 


This means that the para acid is better resonance stabilized com¬ 
pared with its conjugate anion than benzoic acid is with respect to 
benzoate ion, and anisic acid is therefore weaker than benzoic 
acid. This valence bond structure (or one corresponding to it) is 
impossible in the meia methoxy acid, so that the meta acid is no 
better stabilized, compared to its conjugate anion, than benzoic 
acid. To the contrary, the inductive electron-withdrawing effect of 
the methoxy group tends to stabilize the m-mclhoxybenzoate ion 
compared with benzoate ion, and w-methoxybenzoic acid is there¬ 
fore stronger than benzoic acid. 


K 


eq 


K 4 for HY 


K t for HZ 


[HZl(Y-) 

IHY )[Z~) 

(H* ] (Y") 


|HY) 
IH + HZ-) 
(H ZI 



K 4 for HY 
K 4 for HZ 


100 


Let at = (HZ) = |Y') at equilibrium 
n - initial (HY) = initial (Z ) 
n - .x - (Z") - (HY) at equilibrium 

x 2 x 

—--j - 100: —— - 10 

(// - t) n - x 

v = 10/r - I0.V 
lit - 10// 


V I u 

— - — - fraction reacted 
n 11 

As // does not appear in the answer, the fraction is independent of 
absolute concentrations in the absence of special solvent effects, 
and dilution has no effect on the position of equilibrium. 
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225 


282 


282 

282 


291 

291 


291 




8b 

8c 





0 


©O 

©O 

O 

©o 


% 

©N 


© 
• • 

c 


N© 

\ 


\ 

©N 


H 

© 
• • 

C 


N ( 


o 

o© 

o© 


©o 


®N 


H 

C 

I 

H 


N C 


O 

O© 

o 




NjifN “ 

CH 3 (CH 2 ) 7 Br -- CH 3 (CH 2 ) 7 CH 



h 2 o 


CH 3 (CH 2 ) 7 C0 2 H 


NaHC0 3 


CH 3 (CH 2 ) 7 Br 


CH 3 (CH 2 ) 7 C0 2 (CH 2 ) 7 CH 3 

Strong base gives elimination to form propylene oxide. This can be 
avoided by use of dilute aqueous sodium hydroxide (3 M or less). 

CH 3 CHBrCH 3 C0 2 H shows a very strong tendency to eliminate HBr 
to form crotonic acid even in the most dilute aqueous base. The use 
of a silver oxide suspension to neutralize hydrobromic acid and to 
promote removal of bromide ion to form a carbonium ion may be 
successful in effecting some of the desired displacement. 


CH 3 CH BrCH 2 C0 2 H 
CH 3 CHCH 2 C0 2 H 

OH 


H 2 0 + Ag 2 Q 

+ AgBr 


An aryl halide cannot be prepared by displacement of a phenolic 
hydroxy group no matter what reagent is used. The carbon-oxygen 
bond is too well resonance stabilized. 

The desired cleavage can be effected in time by boiling under reflux. 
However, use of anhydrous hydrogen bromide to provide a higher 
bromide ion concentration or of hydrogen iodide to provide a more 
nucleophilic displacing agent would make the reaction easier for 
primary alkyl ethers. 

CH 3 CH 2 CHOHCH 3 + HCI —- C ' 2 ■ 

(cone.) 

CH 3 CH 2 CHCICH 3 + h 2 o 
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291 


291 


291 


292 


292 


292 


292 


3c 


Ph 2 C— CPh 2 

I I 

OH OH 


H + 


Ph 3 C— CPh + H 2 0 

II 

O 


3d 


(C 2 H 5 ) 3 CCHOHCH 3 H ^° a ■ (C 2 H 5 ) 2 C=CC 2 H s + H,o 


ch 3 


4a CH 3 (CH 2 ) 4 OH 


PBr 3 or 


HBr 


4d 


(CH 3 ) 2 CHCH 2 CH 2 OH 
Na 


h 2 so 4 

PBr 3 or 


♦ CH 3 (CH 2 ) 4 Br 


HBr + H 2 S0 4 

(CH 3 ) 2 CH(CH 2 ) 4 CH(CH 3 ) 2 


4h 



CHO 


cone. HI or 
cone. HBr 



CHO 


H 2 S0 4 + 2 HBr — H 2 S0 3 + Br 2 + H z O 

HBr 

CH 3 (CH 2 ) 3 OH -* CH 3 (CH 2 ) 3 Br main product 


H + 


- CH 3 (CH 2 ) 3 0(CH 2 ) 3 CH 3 
H>S0 4 or Br? 

2 - CH 3 (CH 2 ) 2 CHO 


Br 2 


(oxidation) 

elimination 


CH 3 CH 2 CHBrCHO 


CH 3 CH 2 CH=CH 2 


HBr 


h 2 so 4 


(esterification) 


CH 3 (CH 2 ) 3 0S0 3 H 


addition 

h\h 2 o 


addition 

h 2 so 4 


addition 


CH 3 CH 2 CHBrCH 3 


CH 3 CH 2 CHOHCH 3 


ch 3 ch 2 chch 3 


oso 3 h 

(These can also be 
formed from 
CH 3 (CH 2 )OH via 
carbonium ion 
rearrangements.) 

Side reactions corresponding to all those in Question 5 will occur, with 
somewhat more emphasis on the eliminations and rearrangements. 
In addition, skeletal rearrangement may occur. 


(CH 3 ) 2 CHCH 2 OH 


H + 


-H 2 0 


(CH 3 ) 2 CHCH 
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292 6 

(continued) 


337 


© 

ch 3 chch 2 ch, 


Br 


h 2 o 


C H 3 C H BrC H 2 C H 3 
CH 3 CHOHCH 2 CH 3 


hso 4 


ch 3 chch 2 ch 3 


-H + 


3a CH 2 =CHCH=CHCH 3 + HBr 


oso 3 h 

ch 3 ch=chch 3 

peroxide 


[BrCH 2 CH—CH—CHCH 3 ] 

BrCH 2 CH 2 CH=CHCH 3 
and BrC H 2 CH =CHCH 2 CH 3 


mainly 


CH 2 =CHCH=CHCH 3 + HBr 
|CH 2 —CH—CHCH BrCH 3 ] — 


peroxide 


CH 3 CH=CHCHBrCH 3 
and CH 2 =CHCH 2 CHBrCH 3 


► in smaller amounts 


337 


337 


337 


337 


3b 


CH 3 =CHCH=CHCH 3 + HBr • 

(CHjCH—CH—CHCHj] + Br - 
CH 3 CH=CHCHBrCH 3 mainly 

CH 2 =CHCH=CHCH 3 + HBr 

(CH 2 —CH^CHCH 2 CH 3 ] + Br 


inhibitor 


inhibitor 


BrCH 2 CH=CHCH 2 CH 3 
and CH 2 =CHCHBrCH 2 CH 3 


in smaller amounts 


3c C H 3 C H =C H C H 3 + Cl 2 


350* 


CH 3 CH=CHCH 2 CI + HCI or 

CH 3 CH=CHCH 3 + 2 CI 2 350 • 

C1CH 2 CH=CHCH 2 C1 + 2 HCI 

HBr 


4a CH 3 CH=CH 2 - 

CH 3 (CH 2 ) 2 CN 

CI 2 


peroxide 


CH 3 CH 2 CH 2 Br 


NaCN 


4b C 6 H 5 CH 3 


light 


C 6 H 5 CH 2 C1 


nh 3 


excess 


- C 6 H 5 CH 2 NH 2 
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337 


394 


5a 

and c 


I. (CH 3 ) 2 CHCH 2 CH 2 CI 
II. (CH 3 ) 2 CHCHCICH 3 

III. (CH 3 ) 2 CCICH 2 CH 3 

IV. cich 2 chch 2 ch 3 


3 x 1.0 
2 X 4.3 
I x 7.0 
6 x 1.0 


3.0 

8.6 

7.0 

6.0 


CH 2 

1: 11:111: V = 3.0:8.6:7.0:60 at 100° 


(I) R-C-0 

4 ' 


R—C=b + :y 


Ionization, including electron release by b as the leaving group, y, 
takes an electron pair. 

(2) R—C—y + H* — R—C—y 

II I: © 

b: bH° 

Protonation of b to make a more electrophilic species. 

z 


(3) R—C—y + :z 

cl 


R—C—y 
:b 0 

Addition of a nucleophile to the electrophilic carbon atom with corre¬ 
sponding electron release from carbon to the electronegative 
atom, b. 

? I 

R—C—z + 


(4) R—C-^y + :z" —jR—C--*: 


b I b I b 

Direct displacement of leaving group y by nucleophile z (the least 
likely possibility, and one which would operate only when the 
C—y sigma orbital is much weaker than the C — b pi orbital, or 
very highly polarized and the C — b pi orbital very difficultly polar¬ 
izable in the direction required; either combination of factors occurs 
only rarely, if at all). 


406 

la 

NR 

406 

lb 

NR 

407 

1c 

(CH 3 CH 2 ) 2 CO + 

407 

lg 

CH 3 CH=CHCHO 


HCN 


CN 


(CH 3 CH 2 ) 2 C 




CN 


OH 


2CH 3 (CH 2 ) 3 OH 


H* 


CaCI 2 


CH 3 CH=CHCH(OCH 2 CH 2 CH 2 CH 3 ) 2 + h 2 o 
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407 Ij 


407 


407 2c 


407 5a 


(CH 3 ) 2 C=CHCOCH=C(CH 3 ) 2 + (C 2 H 5 0) 3 CH 
[(CH 3 ) 2 C==CH] 2 C(OC 2 H 5 ) 2 + hco 2 c 2 h 5 

HCN _ H + 


H + 


2a CH 3 CHO 


CH 3 CHOHCN 


H 2 0 


ch 3 chohco 2 h 


CH 3 CHO — NH2 ° H • CH 3 CH=NOH 

ch 3 ch 2 nh 2 


Na + 


C 2 H 5 OH 


CH 3 (CH 2 ) 2 CHO NaHS ° 3 • CH 3 (CH 2 ) 2 CH0HS0 3 Na 


H + 


sat. 


CH 3 {CH 2 ) 2 CHO 


407 5e H 2 NC=N + C 2 H s OH 


© 


H + 


H 2 N— C—OC 2 H 5 

©nh 2 


nh 4 + 


Cl 


h 2 n— c=nh 2 ci 
nh 2 


414 

3a 

C 6 H 5 N=C=0 + 2 OH" 

414 

3b 

NR 

414 

3 c 

ch 3 ch=c=o + h 2 s 

414 

h 

S=C==S + 2 CfrHjNHj 

446 

3d 

2CH 3 CHCH,CHCHO + 


c 6 h 5 nh 2 + co 3 


2 - 


CH 3 CH 2 COSH 

C 6 H s NHCS“C 6 H 5 NH 3 + 


OH 

CHjCHCH 2 CH 2 


°x 

Al 

o / x o 


f H-. 


ch 3 chch 2 ch 2 

4CH 3 CHCH 2 CHO + bh 4 


446 4a CH 3 CH 2 CH 2 OH 


HBr 


CH 3 CH 2 CH 2 Br 


^ ' ‘I 

Mg 


CH 3 CH 2 CH 2 MgBr 


CH 2 0 


HiO 


drv ether 


CH 3 CH 2 CH 2 CH 2 OH 
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446 4b 


446 4f 


446 


446 


446 


5a 


446 5d 


446 6b 


CH 3 CH 2 CH 2 MgBr 

(as in 4a) 


CHjCHO H,0 


-—• CHjCH 2 CH 2 CHCH 3 

OH 


CH 4 CH ; CH 2 MgBr - C > H > CN . — H - * . CHjCHjCHjCQH, 
(as in 4a) 


C 6 H s MgBr + C 6 HjCN 


C 6 H s CC 6 H 5 


O 


or 


NMgBr 

or 


(C 6 H 5 ) 2 CN(CH 3 ) 2 

H + C 6 H 5 CON(CH 3 ) 2 | 

T77T OM g B r 

H2 ° (C 6 H s ) 2 CO 


N=C=0 


5c CH 3 (CH 2 ) 3 MgBr + 


N =C—OMgBr 

CH 3 Mgl + HC^CH 

HCI 




6a C 2 H 5 OH 


HC^CC0 2 Mgl 

HBr 


C 2 H 5 Br 


HC—CC0 2 H 

Mg 

dr\ ether 


C 2 H 3 MgBr 


Cr 2 0 7 


2 - 


continuous 

distillation 

C 2 HjCHCH 3 

OH 

C 2 HjOH - 

h 2 so 4 


CHjCHO 


HjO 


HBr 


Mg 


170 

C 2 H jMgBr 


CH 2 —ch 2 


dry ether 

HOC I 


C 2 H 5 MgBr 


CH 3 CH 2 CH 2 CH 2 OH 

H a O 


CICH 2 CH 2 OH 


K ° H • CH,CH 2 

(cone.) \ / 

O 


CH 3 CH 2 CH 2 CH 2 OH 
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Number Number 


446 


446 


447 


447 


447 


447 


447 


6d C 2 H s OH 


CH 3 OH 


7a 


7b 


7h 


HBr 


Mg 


Cu 


dry ether 

ch 2 o- 


C 2 H 5 MgBr 
H + 


CH 3 CH 2 CH 2 OH 


Cr 2 0 7 


2 - 


continuous 

distillation 


ch 3 ch 2 cho 


HCN 


H + 


H 2 0 


ch 3 ch 2 chohco 2 h 


Several other methods can also be used. (Synthesis problems often 
have several suitable answers.) 


6f C 2 H s OH 


ch 3 oh 


Cr 2 0 7 


2 - 


Hl 


CH 3 C0 2 H 
Mg 


C 2 H 5 OH 


OH 


(CH 3 ) 3 COH 
Br 2 


dry ether 
HCI 


CH 3 Mgl — 


ch 3 co 2 c 2 h s 
h 2 o 


(cone.) 

Mg 


6**6 


Fe 


dry ether 


(CH 3 ) 3 CCI 

C0 2 

dry ice 


NH 3 


H + 


CH 3 CH 2 CH 2 MgBr 4 CH 3 COCH 3 
CH 3 CH 2 CH 2 C(CH 3 ) 2 


h 2 o 

h 2 o 


(CH 3 ) 3 CNH 


c 6 h 5 co 2 h 


OH 


7f C 6 H 5 MgBr + CH 3 CHO 


h 2 o 


c 6 h 5 chohch 3 




14 C0 2 2 “ 


MgBr 4 (C 2 H 5 0) 2 C0 

(excess) 

COOC 2 H 5 


■-- 4 ~ l4 CH 3 OH "CHjO 


CH,OH 


HI 


Mg 


dry ether 


A 

CH } MgI 


H + 


CH 3 l4 CH 2 OH or 


,4 CO } 2 ' 


H + 


l4 C0 2 


H + 


h 2 o 


CH 3 Mgl 
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447 7j 
(continued) 


471 


471 


471 


471 


494 


494 


6c 


7a 


7f 


2a 


ch 3 I4 co 2 h 


LiAIH 


H 2 0 


ch 3 14 ch 2 oh 


CH 2 (C0 2 C 2 H s ) 2 NaNO j - H0N=C(C0 2 C 2 H s ) 2 


Na(Hg) 


HCI 


C 2 H 5 OH 


H 2 NCH(C0 2 C 2 H 5 ) 2 

CH 3 C(C0 2 C 2 H s ) 2 

nh 2 


C 2 HjONa 


CH 3 I 


H +,H2 ° . ch 3 chco 2 g 


6f CH 2 (C0 2 C 2 H s ) 2 


C 2 HjONa 


CH 3 CHCHCH(C0 2 C 2 H s h 


©NHj 

CH 3 CHBrCH 2 Br 

(S n 2) 

C 2 HjONa 


Br 

CH 3 CHC(C0 2 C 2 H s ) 2 

\/ 

ch 2 

ch 3 coch 2 co 2 c 2 h s 
ch 3 i 


OH 


H * 


CHjCH —CHCOjH 
CH> 


C 2 H 4 ONa 


CHjI 


CH 3 C0C(CH 3 ) 2 C0 2 C 2 Hs 


OH 


C 2 H 5 ONa 
H * 


in C 2 H 5 OH 


(CH 3 ) 2 CHC0 2 H 

2CH 3 C0CH 2 C0 2 C 2 H s 

ch 3 cochco 2 c 2 h 5 


2C 2 H s ONa 


CH>Br, 


H * 


h 2 o. A 


CH 3 CO(CH 2 ) 3 COCH 


ch 2 

I 

ch 3 cochco 2 c 2 h 3 

h 2 o 


HC«CH 


H + . Hg 


2 ♦ 


CH.CMO 


H» 
N1 


C 2 HjOH AKH —• AIIOC.H,), 

CHjCHO AI( ° CiH ' ~ CH,C0 2 C 2 H, 

OH 

CfcHsCHO + CH 3 COCH,-* 


C 6 H,CH-CHCOCH“CHC*H, 
CAi.CH CHCOCH=CHC 6 H s 


(CH i)>CHOH 
I (C h 3 ) 2 c H 01 3 AI 
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494 2c 
(continued) 


494 2f 


508 la 


508 lb 


531 Ih 


531 lk 


(C 6 H 5 CH=CH) 2 CHOH 

CH 3 COCH 3 (CH 3 ) 2 CHOH — l(Hg) . [(CH 3 ) 2 CHO] 3 AI 


Br 




O 



+ COf + Br 2 + 


+ 3 OH " 


H,0 




0>N 
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531 

531 

531 





C 6 H 5 C0 2 H 


SOCI 2 


NaN, 


c 6 h s n=c=o 



co 2 h 


co 2 h 


SOCl 2 


NH 



NH 


NH 


C 6 H 5 OH 


Sr- 0C N °' ~ 

OH 

steam distill from 
mixture with 
para isomer 




557 


x x (CH 4 + 2 0 2 —♦ C0 2 + 2 H 2 0) 

y x (C 2 H 4 + 3 0 2 — 2 C0 2 + 2 H 2 0) 

7 x (2 CO + 0 2 — 2 C0 2 ) 
x + y + 27 = 21.52 ml. 

x + 2y + 2z * 67.13 ml. - 36.17 ml. = 30.96 ml. 

2x + 3v + 7 = 78.38 ml. - 36.17 ml. - 42.21 ml. 

• 

x + y + 27 * 21.52 ml. 

x + 2 y + 27 = 30.96 ml. 

y - 9.44 ml. 

X + 27 « 21.52 ml. - 9.44 ml. = 12.08 ml. 

4x + 27 - 84.42 ml - 56.64 ml. » 27.78_ml. 

3x - 15.70 ml. 

x - 7.85 ml. 


27 - 12.08 ml. - 7.85 ml. * 4.23 ml. 

, u , n lOOx 100 x 7.85 ml 

Vo "CH< - 2 ,: 5 j ml . - 2 , <2 ml 


36 4 


Vol.\CH 2 — CH ; 


I00y 100 x 9.44 ml. 
‘ 21.52 ml 


Vol. °„ CO 


UK) _x 2r 

21.52 ml. 


100 x 4 23 ml. 
21.52 ml. 


19 7 


43.9 
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571 


571 


571 


la 


c 6 h 5 ch 2 ch 2 c 6 h 5 

c=c 
/ \ 
ch 3 ch 3 


o 


h 2 o 


Zn 


cis (or irons) 

C 6 H 5 CH 2 COCH } 

c 6 h 5 ch 2 chco 2 0 

©NH 3 

lb CH 3 (CH 2 ) 2 CH=CH 2 


SeO 


C 6 H 5 CH 2 COC0 2 H 


NH 


H 2 , Pd 


HBr 


CH 3 (CH 2 ) 2 CH BrCH 3 
Mg 


dry ether 


CH 3 (CH 2 ) 2 CHCH 3 


MgBr 


C ft H 5 C0 2 H 


h 2 o 2 


C 6 H 5 COO,H-* CH 3 (CH 2 ) 2 CHCH 2 

H \/ 



o 


H?0 HRr 

— -• CH 3 (CH 2 ) 2 CHCH 2 CH(CH 2 ) 2 CH 3 


NH 


excess 


le (C 2 H s ) 2 CO 


OH CH, 
CH 3 (CH 2 ) 2 CHCH 2 CH(CH 2 ) 2 CH 3 

NH, CH 3 

Sc0 2 


CH 3 CH 2 COCOCH 


H 


Ni 


(C 2 H 5 ) 2 CHOH 


HBr 


Mg 


dry ether 

c 2 h s ch 3 


(C 2 H 5 ) 2 CH MgBr 


H * 


(C 2 H 5 ) 2 CHC 


599 4a C + CaO 


CH 3 CHO 


-CCH(C 2 H 5 ) 2 

OH OH 

elect. _ _ H 2 0 


fee. 

[O) 


CaC 


C,H 


h 2 o 


2 11 2 


H + + Hg 2 + 


ch 3 co 2 h 


MnO 


(CH 3 ) 2 CO 


h 2 so 


(cone.) 
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Refractive dispersion is the variation in degree of bending of light at 
the interface between two media as the wavelength of light is varied. 
ORD is the variation in degree of rotation of plane polarized light 
within an optically active medium as the wavelength of light is 
varied. Measurement of ORD may depend on selection of wave¬ 
lengths of light by means of a prism which produces refractive 
dispension. (However, a diffraction grating may be used instead.) 


—CH,—6—0—2 


5— 4 

I I 

6 — 0 


3 

I 




ch 3 


675 


675 


692 




1 


+ 

2—CH'j 


Predicted sign of Cotton effect is positive for the enantiomorph given. 

There will be a single strong peak for 3 H at 6.7r and a single broader 
peak for I H at a position which depends on the concentration of 
the methanol in solution if the sample has moisture or a trace of 
acid. If the sample is pure, dry and acid-free, the OH peak will be 
a quartet and theCH 3 peak a doublet. 

At ambient temperature, liquid ethane under pressure will have a 
single peak, a quartet at 9.lr. Both methyl groups are identical, 
and each interacts w ith the other in the same way. The J value will 
be about 4.5 cps. 

Liquid ethane just above its melting point would presumably show a 
more complex pattern because of “freezing** of the molecule in the 
staggered conformation, in which the effects of the different di¬ 
hedral angles on J values in spin-spin splitting would show to a 

degree dependent on how much the rotations of the molecule were 
restricted. 


CHj(CH 2 ) 4 CH 3 — [CH 3 (CH 2 ) 4 CH 3 ) + 

86 

(CH 3 (CH 2 ) 4 CHj] + — CHj(CHj) 4 CH 2 + H 

85 
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692 1 

(continued) 


728 7a 


Answer 



© 

CH 3 CH 2 CH 2 CH 2 

57 


+ CH?=CH 


CHjCHjCHCH, 

57 

relatively stable 

(CH 3 (CH 2 ),CH 3 r 


CH 3 (CH 2 ) 4 CH 2 

85 


ch 3 ch 2 + ch 2 =ch 2 

29 


CH 3 (CH 2 ) 3 CHCH 3 and CH 3 (CH 2 ) 2 CHCHCH 3 
85 85 

relatively stable relativcl) stable 

— CH 3 (CH 2 )3?H 2 + ch 2 

71 


ch 3 ch 2 ch 2 chch 3 

71 

relatively stable 


+ 


ch 3 ch 2 ch 2 + ch 2 =ch 2 

43 


ch 3 ?hch 3 

43 

relatively stable 

Similar outlines can be written for 2.2-dimelhylbutane 


H 

H 


CHO 

1 

—C—OH 

1 

HCN H + 

Na(Hg) 

—C—OH 

1 

h 2 o 

H* ' 

ch 2 oh 

CHO 

CHO 

I 

HOCH 

1 


HCOH 


1 

1 

and HCOH 

| 

c 6 h 5 nhnh 2 

HCOH 

HCOH 

HCOH 


1 

1 


ch 2 oh 

ch 2 oh 



H* 

h 2 o 


-♦ 


932 APPENDIX IV 


Page Question 
Number Number 


Answer 


728 7a 
(continued) 


CHO 


ch 2 oh 

1 

CO 


CO 

HCOH 

Zn 

HCOH 

ch 3 co 2 h 

I 

1 

HCOH 

1 

ch 2 oh 

HCOH 


CH 2 OH 




ribuiose 

(and its anomer) 


752 


6c 



+ H + + NOj 


glucose 

(One could also start with 
mannose, talose, idose. 
glucose or altrose.) 


H 


2 (CH,) 2 CHCCO 2 0 + 2 SOCI? 

I 

©NH, 




O 


11 



o 


NH 

f 

r*CH(CH,) 2 
H 


+ 2SO ; + 4HCI 


752 


7u C 2 HsOH 


Cr 2 0 7 ‘ 


CM jCHCN 

' I 

NHj 

racemic 


continuous 

distillation 
H + 


CHjCHO 


nh 4 cn 


HjO 


CH,CHCO> 0 


@N Hj 

racemic 
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Page Question 
Number Number 


Answer 


752 


768 


768 


2d 


7b (CH 3 ) 2 CHCHC0 2 H 


+ CH 3 CHC0 2 e 


o 


nhco 2 ch 2 c 6 h 5 


©NH 


CH 


(CH 3 ) 2 CHCHC0NHCHC0 2 H 


H 


Pd 


nhco 2 ch 2 c 6 h 5 


c 6 h s ch 2 oconhch 2 co 2 h 

/-\_n=c=n-Y^) 


CH, 


ch 3 

(CH 3 ) 2 CHCHCONHCHCO 2 0 

©nh 3 

(CH 3 ) 2 CH 

c 6 h 5 ch 2 oconhch 2 conhchconhchco 2 h 
(CHj) 2 CH ch 3 
h 3 nch 2 conhchconhchco 2 0 

glycyl-valyl-alaninc 




H 


Pd 


The Fischer method or Woodward method may also be used. 
CH 2 OCO(CH 2 ) 7 CH=CHCH 2 CH==CH(CH 2 ) 4 CH 3 

CHOCO(CH 2 ) 7 CH=CHCH 2 CH=CH(CH 2 ) 4 CH3 + 6 ICI 


CH 2 OCO(CH 2 ) 7 CH=CHCH 2 CH=CH(CH 2 ) 4 CH 3 

CH 2 OCO(CH 2 ) 7 CHICHCICH 2 CHCICHI(CH 2 ) 4 CH 3 

CHOCO(CH 2 ) 7 CHCICHICH 2 CHCICHI(CH 2 ) 4 CH 3 

CH 2 OCO(CH 2 ) 7 CHCICHICH 2 CHlCHCI(CH 2 ) 4 CH 3 
The direction of addition of ICI is more or less random, as only very 
weak directive effects, if any, are present and MarkovnikofT's rule 
is inoperative. (However, one iodine atom and one chlorine atom 
add at each double bond.) 


3b CH 2 OCO(CH 2 ), 4 CH 3 

CHOCO(CH 2 ) 7 CH-=CH(CH 2 ) 7 CH 3 


c„h 98 o 6 


CH 2 OCO(CH 2 ) 7 (CH=CHCH 2 ) 3 CH 3 

Molar wt. - 855.383 g. 

Moles of iodine equivalent per mole of fat 
4molcsofl 2 - 1015.232 g. 

1015 g. I 2 _ x g. I 2 
855.4 g. fat “ I00g. fat 
x - I 18.7 g. I 2 / 100 g fat = l 2 no. 
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Page 

Number 

768 

768 

814 

814 


814 

814 


Question 

Number Answer 


5a Bromine in CCI 4 reacts rapidly (decolorization observable) with the 
unsaturated fat in large amounts, whereas only a very small amount 
of bromine is decolorized by an essentially saturated fat. (No 
natural fats are known that are completely saturated.) 

5c Beeswax leaves an insoluble fatty alcohol residue upon saponification, 

whereas beef tallow dissolves completely in aqueous alkali upon 
saponification. 



H 


4a CH 3 CH=CHCH 3 ~~ ° S ° 4 '“ 2 ° » CH 3 CHOHCHOHCH 3 

. or Mn0 4 

CIS meso 

|o 3 




H 


Ni. H 2 0 


CHjCHO 


CHjCHOHCHOHCH 3 



CH 



CH,CHOHCN -CH 3 CHOHCHO 

CHjCHBrCHO -” ,NNH2 ■ CH 3 CH-CH 

I II 

NH—N 
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Page Question 
Number Number 


Answer 


832 


833 

840 

840 


840 


3d 


6 

2a 

2c 


2e 


(CHjO) 2 PS—schch 2 co 2 c 2 h 5 

C0 2 C 2 H s 


light 


(CH 3 0) 2 PSSH 


P 2 S 5 


(CHjOhPOSH 


H>S 


(CHjOhPOCI 


POCIj 


CHjOH 


chco 2 c 2 h 5 

II 

chco 2 c 2 h 5 


H + 


CjHjOH 


CO 


CH 

II 

CH 


O 


o 2 


CO 


v 2 o 5 


CaH 


6 ** 6 


Biotin 

//-Pentane 

The longer a continuous chain, the lower the octane number. 
2,3,3-Trimethylpentanc 

Centrally substituted hydrocarbons have higher octane numbers than 
terminally branched ones. 

Melhylcyclohexane 

Cycloalkanes have higher octane numbers than isomeric alkanes of 
equivalent branching. 


849 

2a 

Si—Si 

> 

C—Si 

> 

C—C toward acidic or basic reagents 



Si—Si 

> 

C—C 

> 

C—Si toward thermal decomposition 

849 

2c 

Si—Cl 

> 

C—Cl 



849 

2c 

C-CI 

> 

C—F 

> 

C — H toward nucleophiles and active metals 



C —H 

> 

C—Cl 

> 

C — F toward oxidation 



C—Cl 

> 

C —H 

> 

C — F toward thermal decomposition 





HBr 


Mr 

849 

3a 

ch 2 = 

ch 2 

■ - ■« 

C 2 H jBr - 

dry ether 


S»CI 4 


C 2 H } MgBr 
(C 2 H 5 ) 3 SiOSi(C 2 Hj) 3 


(C 2 Hj) 3 SiCI 


HjO 
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Page Question 
Number Number 


Answer 


870 


c 2 H 2 


Cu + 


ch 2 =chc=ch 


HCI 

pressure 


ch 2 =chc=ch 2 


870 


C,H 


6**6 


HNO 

H 2 SO 


HCI 


C 6 H 5 NH 


ch 2 o 


C 6 H s NH—CH 2 —NH—C 6 H 5 


H + 


h 2 n 


CH 


NH 


870 


c 6 h s oh 


H 2 , Ni 
pressure 


OH 


Cr 2 P 7 
H + 


H0C0(CH 2 ) 4 C0 2 H 

adipic acid 

H 2 N(CH 2 ) 6 NH 2 

he\ameth>lenediamine 


NH 


NC(CH 2 ) 4 CN 




Index 


ADP.750 
AMP. 750 
ATP. 750 

Abbe refractometer. 604 605 
Abictic acid. 776 

Abnormal bimolecular displacement 
reaction. 275 
Absorption curves 

band spectrum and. 642 
for benzene. 643 
Absorption of light. 633 
color and. 650 
law of. 643-644 
spectra and. 639 
by vibrational transition. 642 
wavelength. 649 
Absorption maxima. 643 
Absorption minima. 643 
Absorption peaks. 643 
Absorption spectrum. 639 
Acetal, 400 
formation of, 398-401 
phospholipids. 766-767 
Acetaldehyde. 150. 170-172,324.453.490 
Acetamide. 252 
Acetanilide, 354 
Acetate ion. 252 
Acetates. 304 

Acetic acid. 3. 92. 149. 166.210.252 
Acetic anhydride. 556 
Acctoacclic esters 
dialkylated. 466 
monoalkylatcd. 466 
syntheses 
of acids. 466 467 
of ketones. 466 467 
Acctoacetyl, 779 
/J-Acctonaphthalcnc, 530 
Acetone. 91. 185 
Acetyl chloride. 166 
Acetyl coenzymc A. 751 
Acetylenes, 35. 66 
additions to, 326 327.477-478 
reaction with. 397 398 


Acetylenic bonds. 129 130 
Acid-catalyzed reaction. 254 
Acid chlorides. 379-380 
Acid derivatives 

additions in. 371-391 
displacements in. 371 -391 
Grignard reagents and, 439-440 
solvolysis of. 376 387 
Acid dyes. 654. 655 
Acidity. 118 

in carboxylic acids. 148-153 
in miscellaneous groups, 217 
molecular factors producing and modifying, 
207 209 

and organic acids. 207 218 
in organic compounds, 205 223 
in phenols. 148 153 
of proteins. 739 740 
Acids 
abictic, 776 

acetoacetic ester syntheses of. 466 467 

ro-aconitic. 724 

adipic. 381.866 

agathic. 776 

aldonic, 698 

amino. 731 736 

chemical properties of. 733 736 
naturally occurring. 732 736 
physical properties of. 733 
sources. 731 

/ 7 -aminobcnzoic. 733. 818. 830 
a-aminocarboxylic. 731 
aniline bisulfalc. 526 
anisic. 215 
arachidonic. 756 
Arrhenius theory. 205 
arsanilic. 421 
L-ascorbic. 710. 819 
L-aspartic. 733 
alrolactic, 629 
barbituric. 804 

benzcnccarbohydroxumic. 382 
bcnzilic rearrangement. 521 522 
benzoic. 213, 214, 21 5. 384. 556 
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Acids ( continued) 

Brpnsted. 794 

Brbnsted-Lowry theory, 205-206 

jec-Butyl bromide, 288 

butyric, 209 210 

carboxylic. 82. 514 

malonic ester syntheses of. 463-466 

chloroacetic. 209 

chlorosuccinic. 630 

cholic. 780 

cinnamic, 459. 547 

citric. 724 

conjugate. 283 

cyclopentanecarboxvlic. 523 

definition of. 205 207 

dehydroascorbic. 819 

deoxyribonucleic. 812-813 
* 

dichloroacetic. 209 
2. 4-dichlorophenoxyacetic. 824 
1.3-diphosphoglyceric. 723 
2-dodecenedioic, 822 
durenesulfomc, 524 0 

enolpyruvic, 723 
fatly 

biogenesis of. 759 760 
degradation of. 759 760 
reduction of. 578 579 
folic. 816 
folinic. 751 
formic. 83. 84 
fumarie, 250, 724 
galacturonic, 721 
glucaric. 698 
gluconic. 698 
glucuronic, 698 
L-glutamic, 733 
glycaric. 698 
glycocholic. 781 
glycuronic. 698 
guanylic. 812 
halogen.284 
heptanoic. 699 
hippuric, 381 
hydrolipoic. 726 
hydroxamic. 382 383 
indole-3-acetic, 822 
7-indole-3-butyric, 824 
L-iodogorgoic, 732 
isocitric, 724 
a-ketoglutaric. 724 
levulinic. 859 
Lewis theory. 207 
linoleic. 756 
linolenic. 756 
lipoic, 726 
maleic, 250 


malic. 630. 724 
mandelic, 629 
mem-substituted. 214-216 
methacrylic. 406 
l-methylglucuronic. 561 
0-naphthalenacetic, 530 
naphthalene-1-acetic. 824 
a-naphthalenesulfonic, 524 
nicotinic, 816 
nitric, 117 
m-nitrobenzoic, 504 
m-nitrophenylacetic, 504 
nitrous. 500-501 
nucleic. 810. 812-813 
oleanolic. 777 
oleic, 756 

orr/io-substituted. 216 
oxalylacetic. 724 
oxalylsuccinic, 724 
pantothenic. 830 
/jam-substituted, 214-216 
peracetic, 592 
perbenzoic, 556 
phenylacetic. 213 
7-phenylbutyric. 582 
/?-phenylpropionic, 530 
phcnylpyruvic. 578 
/V-phcnylsulfamic, 526 
2-phosphoenolpyruvic. 723 

2- phosphoglyceric. 723 

3- phosphoglyceric, 723. 726 
picric. 212 

pimaric, 776 
prehnitenesulfonic, 524 
pteroylglutamic, 816 
pyruvic, 723. 724 
ribonucleic. 812 
saccharic, 698 
scbacic. 381 
solvolysis of. 376 387 
stearic. 756 
strength increased. 208 
succinic. 724 
sulfanilic. 526 
sulfinic, 566 
sulfonic. 85 
sulfuric. 83. 84. 117 
tannic. 711 

2 (R). 3 (R)-tarlaric. 625 
taurocholic, 781 
traumatic, 822 
trimethoxyglutaric, 703 
uric, 811 

m-Aconitic acid. 724 

Acridine yellow G. 656 

Acridines, 656, 789 
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Acrolein, 321 
Acrylonitrile, 323,477 
additions to, 474 
Activation energy, 232 
Active hydrogen, see Hydrogen, active 
Acyl chloride, 84 
enol of, 450 
Acyl halide, 84 
Acyl nitrosoamines, 495 
Acylation, 345-34 7 
Acylnilrene, 515 

Addition reactions, typical, 321-325 
Adenine, 811,813 
Adenosine, 812 
Adenosine triphosphate, 750 
Adipic acid, 381,866 
Adiponitrile, 577 
Adrenaline, 821 
Agar agar, 721 
Agars, 721 
Agathic acid, 776 
Aglyconc, 711 
Air, oxidation by, 550 557 
0 -Alanine, 733 
L -Alanine, 732 
Albuminoids, 737 
Albumins, 737 
Alcohols. 80-81,579 
/i-amyl, 428 
conifcryl, 727 
dehydrations of. 298-299 
diacetone, 457 
dodecyl, 583 
endo,594 
ethyl, 454 
exo,594 
isobutyl, 428 
NMR spectra of, 672 
ncopentyl.489 
oxidation of, 556, 560 561 
pentaerythritol, 489 
polyvinyl, 863 
leri -amyl, 511 
ten- butyl, 384 
tertiary. 388 

Aldehyde ammonias. 417 418 
Aldehydes, 82, 156.453 
addition products of. 396 407 
decarbonylation of. 543 
enol of, 450 

Grignard reagents and. 437 438 
oxidation of. 556. 561 - 562 
reactions of. 392 -419 
unsaturated. 474-476 
Aldchydic oxygen, 132 
Alder. Kurt. 588 


Aldol condensations, 457-458 
Aldonic acid. 698 
Aldoses. 700-701 
configurations of, 706 709 
degradation of. 699 
Aldrin. 592 
Alicyclic, 77 
Aliphatic alcohols, 284 
Aliphatic amines. 217, 500-501 
Alizarin yellow R, 654 
Alizarins, 657 
Alkaline hydrolysis, 241 
Alkaloids, 802-803 
Alkanedioic acids, 182-183 
Alkanes, 60, 121, 179 
branches. 93-94 
higher, 93 
normal, 92 
Alkatrienes, 252 
Alkene oxide, 307-" 

Alkenes, 65-66 

oxidation of, 557-559 <, 

Alkoxide ion. 135, 210, 211 
Alkoxy group, 283, 285 
Alkoxyloxygen.221 
A Ik yd resins, 866 
Alkyl acid sulfates. 217-218. 286 
Alkyl aryl ethers, 285 
Alkyl bromides, 139, 239 
Alkyl cellosolve, 791 
Alkyl chlorosilanes, 842 
Alkyl ethyl ether, 267 
Alkyl group, 60-61 

Alkyl halides. 78. 123, 126-127, 179.261, 
275,283 

dchydrohalogenations of. 292-293 
formation with inorganic halides, 289 290 
Alkyl hydroperoxides, 519-520 
Alkyl iminocthyl ethers, 252 
Alkyl nitrite, 169, 267 
Alkyl-oxygen bonds. 155 
Alkyl sulfates, 286 
Alkyl sulfonates, 276 
Alkylamincs. 123, 153 
Alkylarcnesulfonales, 765 
Alkylation, 838 839 
reactions. 344 345, 504 505 
reductive. 577-578 
Alkylchlorosilanes. 842 
Alkylcyclohexcncs, 299 
/V-Alkyldithiocarbamates. 413 
Alkyloxonium ions, 283 
Alkyloxy group 133 
Alkylpcnta/olc. 806 
Alkylphthalimidcs. 278 
Alkyncs. 66 
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Allantoin, 811 
Allene, 67 

enantiomorphic, 621 
Allethrin, 825 
D-Allose. 707 
Alloxazine. 790 
Ally! bromide. 322 
Allyl cation, 252. 272. 320 
Allyl chloride, 271,332 
Allyl halides, 252 
Allyl isopropenyl ether, 529 
Allylacetone. 529 
A Hylic rearrangements. 273 275 
t> -Altrose. 707 
Alumina. 284, 299 
Aluminohvdrides. 53 

9 

Aluminum chloride. 118, 218 
Ambident rons. 280 
Ambiprotic substances. 206 
Amide-formaldehyde polymers, 867 868 
Amides. 86 87,500 501 
basicity in. 152 154 
dimeric, 181 

hydrolysis and. 380 383 
orbital formula for. 154 
Amidines. 222 
Amido yellow E, 656 
Amine-formaldehyde polymers, 867-868 
Amine-oxide decompositions. 304 
Amines. 86, 123. 296 
aliphatic. 500-501 
Hofmann synthesis of. 278 
tertiary, 126 
Amino acids. 731 736 
chemical properties, 733 736 
naturally occurring, 732-733 
physical properties of. 733 
sources, 731 

/i-Aminoazobenzcne, 526, 527 
/’-Aminobcn/oic acid, 733. 818. 830 
/>-Ammophenol. 526 
2-Aminop\ridine. 802 
Ammonia. 13. 86. 153 
aldehyde. 417 418 
Ammonium compounds. 261 
Ammonium salts, 126 
Ammonium sultide. 585 586 
Amphoteric compounds. 153. 206 
Amygdalin. 711 
n-Amyl alcohol. 428 
re/7-Amyl alcohol. 189, 319, 511 
ten -Amyl bromide. 288 
mr/-Amyl cation. 512 
Amylopectin, 719 
Amylosc. 719 
Amytal. 805 


Analogous reaction, 207 
Analogs 
oxygen.85 
sulfur, 85 
thio, 85 

Anchimeric assistance. 306 
5-^3-Androstane. 78C 
5-asAndrostane, 780 
Androstenediol. 782 
A'-Androstenedione, 782 
Angular momentum constant. 21 
Anhydride, 84 
acetic, 556 
maleic, 555, 588 
phthalic, 555 
reactions of, 379-380 
with active hydrogen, 455 
Aniline, 91. 194. 583 

absorption spectra of, 652 
/i-substituted, 526-528 
Aniline bisulfate, 526 
Anionic species. 314 
Anisatc ion, 216 
Anisic acid. 215. 252 
Anisole. free energy diagrams for, 358 
Anthocyanins. 798 

Anthracene, 76. 145, 336, 485, 584. 589 

Antibiotics, 831 

Antibodies. 828 

Antibonding orbital. 31 

Anlidiazosulfonates. 660 

Antiseptics. 828-829 

Antitoxins, 828 

Apoenzymes, 748 

D-Arabinose 

Arachidonic acid. 756 

Arene-antidiazosulfonate. 660 

Arenediazoamino compound, 660 

Arenediazonium salts. 495 

Arenes. 77 

resonance energies of. 147 
Arene sulfonate salts, 486 
L-Arginine. 732 
Argon pattern. 23 
Arndt-Eistert synthesis, 504, 514 
Aromatic compounds 
correlation of structure with reactivity in, 
339-340 

oxidation of. 555-556. 559-560 
relative reactivities of. 354 
Aromatic nucleophilic displacements 
478 481 

via aryne intermediates, 482-486 
Aromatic rearrangements. 523-529 
Aromatic ring. 154.271 
Aromatic ring condensations. 460-463 
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Aromatic sigma complex, 339 
Aromatic systems, 76 
Aromaticity. 109-110. 140-148 
Arrhenius, Svante, 205, 239 
Arsanilic acid, 421 
Aryl, 209 
Aryl cations, 290 
Aryl chlorides, 423 
I-Aryl-3,3-difluoro-2,2-dichloro- 
cyclobutenc, 596 
Aryl halides. 126-127, 155 
Aryl-halogen bonds. 155 
Arylamines, 219 
basicity in. 152 154 
Arylammonium ions. 154, 219 
Arylmagncsium, 422 423 
Aryloxide ions, 151 
Aryncs, 243, 482 486 

aromatic nucleophilic displacements via, 
482 486 
Ascaridole. 546 
L-Ascorbic acid, 710. 819 
L-Asparagine, 732 
L -Aspartic acid, 733 
Associated form, 181 
Asymmetric atoms, 620 
Asymmetric carbon atoms. 614. 619- 620 
Asymmetric molecules. 620 622 
Alabrin, 797 
Atactic polymers. 854 
Atomic dimensions, 37 
Atomic nuclei, magnetic properties of. 669 
Atomic orbitals. 28 30, 140, 142 

sublevels and their relative energies. 24 
Atomic particles, spin properties of. 667 668 
Atomic refractions. 607 
Atomic structure, 20 24 
Atrolactic acid. 629 
Aufbau principle. 22. 30 
Autoclave. 253 
Autoxidalion, 541.556 
reactions. 540 541 
Auxin A, 822 
Auxin B. 822 
Auxins. 822 

synthetic. 823 925 
Auxochromcs. 650-652 
Avertin. 492 
Avogadro's law. 6 

1- Azanaphthalcnc. 789 

2- Azanaphthalcnc, 789 
10-Azanthracenc. 789 
Axial groups. 73 
Azeotropic distillation. 286 
Azimuthal quantum number. 21 
l-Azindenc. 789 


2-Azindcnc, 789 

Azinc dyes, 656 

Aziridenc. 787 

Azo compounds, 498 

Azo coupling reactions. 347-348 

Azobcnzene. 583 

Azoisobutyronitrile, 336. 851 

Azolidine. 787 

A : -Azoline. 787 

A'Azoline. 787 

Azonium ion. 516 

Azoxybenzcne. 583 


BAL. 829 

Baeyer. Adolph von. 7!. 118, 785 
Baeyer system of nomenclature. 595 
Baeyer test. 130. 557-558 
Baeyer-Villiger reaction. 520 
Barbital. 805 

Barbiturates. 465, 804 805 
Barbituric acid. 804 
Base-promoted reactions, 254 
Bases 

Brpnstcd-Lowry theory. 205-206 
definition of. 205-207 
as inorganic reagent, 46 
Lewis theory, 207 
strength of various, 220 
strong organic. 222-223 
weak, in strong acid solutions, 221 -222 
Basicity, 122 
in amides, 152-154 
in arylamines. 152-154 
and basic organic compounds. 218 -223 
comparison in organic compounds. 219 
molecular factors producing and modifying. 

218 219 

in organic compounds. 205 223 
of proteins. 739 740 
Bathochromic shift, 648 
Bcauvalt-Blanc reduction. 583 
Beckmann differential thermometer, 9 
Beckmann rearrangement. 516 519 
Bcer-Lambert law. 643 
Benedict’s reagent. 698 
Bcnzalacctone. 458 
Benzalacetophcnonc. 322. 475 
Bcnzaldehyde. 171.276,418,490.493. 

556. 560 

Benzene. 76. 140 148.154.172,425.836 
absorption curves for. 643 
absorption spectra of, 652 
dipole moments of. 352 
free energy diagram for, 360. 356. 358 
proposed structures of. 142 
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Benzene ( continued) 
reactivity toward nitration, 354 
resonance energy diagram for, 143 
Benzene rings, 213,214 
Benzenecarbohydroxamic acid. 382 
A'-Benzenediazoaniline. 526 
Benzcnediazonium chloride, 495 
Benzenesulfonic acid, 217 
Benzhydrazide, 382 
Benzidine, 527 

Bcnzilicacid rearrangement, 521-522 

Benzoate ion, 213 

Benzoates, 304 

Benzo [b] pyrazine, 790 

Benzo [b] pyridine, 790 

1- Benzo bj pyrrole, 789 
Benzo [b thiophene, 789 
Benzo [c] pyridine, 789 

2- Benzo c] pyrrole, 789 
Benzo [d] pyrimidine. 789 
Benzofuran, 791 
Benzohydryl ion, 272 

Benzoic acid, 213, 214, 215, 384, 556 
reactivity toward nitration, 354 
Benzoin condensation, 492-493 
Benzophenone,546 
Benzophenone hydrazone. 506 
Bcnzoquinone. 492 
Benzoyl chloride, 452 
Benzoyl peroxide. 329, 851 
Benzyl benzoate, 490 
Benzyl cation. 272 
Benzyl chloride, 271 
reactivity toward nitration. 354 
Benzyl free radicals, 535 
Benzyl penicillin. 831 
Bcnzylidcnc chloride, 276 
Benzylidcneacetone, 458 
Benzync, 484-485 
Beta eliminations, 292-303 
Bicarbonate ion, 151 
Bicyclohexyl, 75-76 
Bifluoride ion, 41 
Bimolccular, 231.262 
Bimolecular attacks, 274 
Biodegradable, 764 
Biogenesis of fatty acids, 759-760 
Biotin, 167, 818.830 
Biradicals, 52 
Birch reduction, 583 
Birefringence, 609 
in Iceland spar, 610 

separation of light into polarized beam: 
by.611 

Bisabolene, 774 

Bischler-Napieralski synthesis, 798 


Biuret reaction, 740 
Blankophor R, 659 
Blue 

Capri, 656 

emission and absorption relationships, 650 
indigo. 657 
methylene, 663 
Boiling point, 6-7, 179 
of continuous-chain aliphatic organic 
compounds, 180 
Boltzmann distribution, 232 
Bond angles, 31-32 
Bond distance, 26-27 
Bond energies, 238 
Bond hybridization, 32 
Bonding 
chemical, 20-53 
covalent, 25-27 
dissociation energies, 26-27 
hydrogen. 40-41 
Bonding orbital, 31 
Bonds 

acetylenic, 129 130 
alkyl-oxygen, 155 
aryl-halogen, 155 
carbon-bromine, 239, 241 
carbon-carbon, 117-118 
carbon-chlorine, 242 
carbon-halogen, 124-127 
carbon-heteroatom, 124, 127, 131-136, 155 
carbon-nitrogen, 124-127 
carbon-oxygen, 124-127 
hybridization, 119 
to hydrogen, 118-122 
multiple. 33-35. 65-68, 129-136 
carbon-heteroatom, 131-136 
olefinic, 129-130 
semi-ionic, 47 
single. 117-127 
Boord synthesis, 433 
Bornane, 506 
Bornene, 772 
Bornyl chloride, 773 
Borohydridcs, 53 
Boron trifluoride, 207, 284 
Bragg equation, the, 685 
Bridgehead atoms, 76 
British anti-Lewisite, 829 
Bromide ion. 45 
Bromides, 179 
alkyl. 139 
ethylcadmium, 440 
vinyl, 139-140 
Bromine, 120, 129. 314-315 
Bromine atoms, 331 
Bromoacetophenonc, 450 
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Bromobcnzene. 155 
reactivity toward nitration, 354 
"J-Bromochlorobcnzene, 437 
(S)-Bromochlorofluoromethane, 625 
Bromocyclohexane, 120 
2-Bromofuran, 795 
Bromohydrin, 321 
Bromoketone, 450 
Bromonium ion, 315 
Bromopropionaldehyde, 321 
Bromopropionitrilc. 323 
Bromostyrene, 294 295 
2-Bromothiophene. 795 
Bromotrichloromethane, 335 
Brdnsted. J. N.. 205 
Br0nsted acid. 118, 794 
Br 0 nsted base, 122. 218, 260 
Br^nsted-Lowry theory. 205 206 
Buna rubber, 860 
Butadiene. 320, 860 
Butadiene molecule, 67 68 
Butadiene-styrene copolymer. 860 
Butane, 60 
mass spectra of. 691 
normal, 15 16 

molecular models of. 16 
Butene. 169 
Butoxidc ion, 294 
Butyl alcohol, 210 
/erz-Butyl alcohol, 296, 384 
ten -Butyl benzoate, 384 
ser-Bulyl bromide, 288 
/er/-Butyl bromide, 241,243. 288 
Butyl chloride. 284 
Butyl halides, 295, 268 
re/7-Butyl hydroperoxide, 541 
re/7-Butyl methyl ether, 384 
/-Butyl peroxide, 569 
Butyl rubber, 861 
Butylaminc, 278 
/e/v-Bulylbenzcnc, 345, 354 
Butyldimcthylammonio, 126 
Butyltrimcthylammomum hydroxide. 303 
Butyric acids, 209 210 

Cadalcnc, 775 
Cadincne, 774 
Caffeine, 811 
Calciferol. 547 
Calorimeter. 237 
Calvin, Melvin, 725 
Camphcne, 772, 773 
Camphene hydrochloride. 773 
Camphor, 772 
Camphor hydra/one, 506 
Cannizzaro reaction, 488 489 


Canonical structures, 144 
Capri blue, 656 
w-Caprolactam, 866 
Captan. 827 

Carbanion processes. 297-298. 853 
Carbanions. 243 
Carbazole. 789 
Carbenes. 243. 308 312 
rearrangements. 514 
structures and reactivities of. 308 -31 I 
Carbohydrates, 695-730 
classification of. 695 
disaccharides, 712-715 
glycosides. 711-712 
metabolism of. 722-725 
monosaccharides, 695-71 I 
polysaccharides, 715 722 
Carbon 

asymmetric atoms. 614, 619 
atomic structure of. 42 
migrations of. 511-521 
multiple bonds of 44 
and its properties, 41 -45 
unsaturated. 473 487 
Carbon dioxide. 44 
additions to. 412 413 
Carbon disulfide, 412 413 
Carbon skeletons, 59 77, 163 -164, 

Carbon tetrachloride, 44. 335 
Carbon-bromine bonds. 239, 241 
Carbon-carbon bonds, 117-118 
double, 333-334 
multiple, 314-327 
Carbon-chlorine bond. 242 
Carbon-halogen bonds, 124 127 
Carbon-hctcroatom bonds. 124, 127. 

131 136, 155 
Carbon-hydrogen 
analysis for, 11-13 
combustion apparatus, 12 
Carbon monoxide, 121 
Carbon-nitrogen bonds. 124 127 
Carbon-oxygen bonds, 124 127 
Carbonic acid. 44. 82 
Carbomum ion, 222, 319 

dchydrohalogcnations involving 
intermediates, 298 300 
rearrangements, 286 290,511 514 
Carbonium-ion intermediate. 241,242. 
243,246 

Carbomum ion process, 263 266, 852 853 
competition between direct displacement 
and,275 

Carbonyl dipole, 321 
Carbonyl halides, 121 
Carbonyl oxygen,414 418 
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2-Carboxy-3-ketopcntose-l,5 diphosphate,726 
Carboxylate anions, 211 
Carboxylic acids, 82, 149. 151, 180,514 
acidity in. 148-153 
malonicester syntheses of, 463-466 
Carboxypcptidase, 741-742 
Carbylamine. 267 
Carotenes, 777 
Carothers, Wallace. 866 
Casein. 738 
Catalysis. 253 -255 
acid. 254 
base. 254 

Catalytic cracking, 835 
Catalytic desulfurization. 834 
Cation-exchange resin, 867 
Cationic carbon, 247 
atom of. 266 
Cationic detergents, 765 
Cationic species. 314 
Cellobiose, 715 
Cellulose, 715-719 
Cellulose gum. 717-718 
Cephalins, 766-767 
Cetyl palmitate, 760 
Chain initiation, 850 
Chain length, 854-856 
Chain propagation. 850 
Chain reaction, 330, 539 
Chain termination, 851 
Chain transfer, 851 
Chalconc, 475 

Charles F. Kettering Foundation. 725 
Chelate, 796 

Chemical bonding. 20-53 
carbon and its properties in, 41 -45 
molecular properties of. 36-41 
principles underlying, 20 36 
Chemical properties, fundamental. 117-157 
Chcmisetting resins, 861 
Chemotherapy, 724. 827 831 
Cherry red, 663 
Chitin, 722 
Chloranil, 826 
Chlordan, 592 
Chlorides, 46 
acid, 379-380 
acyl, 450 
aryl, 423 
benzoyl, 452 
bornyl, 773 
ferric, 383 
isovaleryl,440 
/9-naphthoyl, 577 
neopcntyl, 544 
picryl, 479,480 
sulfenyl, 566 


Chlorine. 767 
Chloro I PC, 824 
Chloroacetic acid, 209 
Chloroamphenicol, 831 
chloroarcnes, 271 
chlorobenzene, 155 

free energy diagram for, 360 
reactivity toward nitration, 354 
temperatures required to convert, 479 
2-Chloro-l, 3-butadienc, 323,860 
2-ChlorocycIohexanone. 522 
Chloroethers, 332 
Chloroethylbcnzcnc, 323 
Chlorohydrindene, 323 
Chlorohydrins, 242 
Chloroketones, 270 
Chloromethanes, 331 
Chloromethylbenzene, 354 
m-Chlorophenylmcthylcarbinol, 437 
Chlorophyll, 738 
Chlorophyll a, 807 
Chlorophyll b, 807 
Chloroprene, 323, 860 
Chloropropionitrile, 323 
Chlorosuccinic acid, 630 
Chlorosulfonation, 343 
Cholesterol, 778 
Cholic acid, 780 
Choline, 818 

Chromatography, 742-743 
Chromone, 799 
Chromonium ion, 800 
Chromonium salts. 800 
Chromophores, 650-652 
dyes classified according to, 654-657 
Chromoproteins, 738 
Cinerin 1,825 
Cinerin 11,825 
Cinnamaldehyde, 474-475 
Cinnamic acid, 333, 547.459 
Cinnamone. 458 
Citric acid, 724 
t.-Citrulline, 732 
Citrus bioflavonoid, 818 
Claisen ester condensation. 459-460 
reverse, 467 

Claisen rearrangement, 528-529 
Claisen-Schmidt reaction, 458 
Clathrate. 719 
Clemmenson reduction, 582 
Codeine, 167 
Coenzymes, 748-751 
Coenzyme-1, 749 
Coenzyme R, 818 
Colchicine, 823 
Collagen, 737 
Collision theory, 232 
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Collodion, 716 
Colloidal materials. 9 

Color, 639-666 

absorption of light and. 650 
dyes, 652- 660 
emission and. 650 
production of visible. 6-tv 650 
Combustion, 121. 550 552 
Combustion tube. 12 
Commoner, Barry. 725 
Compounds 

active hydrogen. 448-472 
aromatic, 339-340 
oxidation of. 555 556. 564 565 
relative reactivities of, 354 
azo,498 


cumulated unsuturated, 441 
cyclic. 68 
diazo, 495 509 
diazonium. 495-509 
epoxy,438 439 
halo-carbonyl. 451 
infrared spectra in. 646-647 
lipids. 766 767 
lower valence, 585 
meso, 620 
nitro. 585 586 


nitrogen. 629 
optical bleaches, 653 

optically active. 626 631 

organic peroxy, 568 570 
organomcrcury. 424. 827 
organomctallic. 420 441 
organophosphorus. 428 
organosilicon. 841 846 
polycyclic. 593 595 
sandwich, 424 427 
saturated. 65 
silicon organic. 841 848 
sulfur. 565 566 
unique. 165 166 
unsaturated. 65 


hydrogenation of, 576 577 
Condensations. 454 460 
a Idol. 457 458 
aromatic ring. 460 463 
benzoin. 492 493 
Claiscn ester. 459 460 

reverse. 467 
Perkin, 458 459 
Polymers. 865 868 

reactants, 455 456 


reversibility of reactions. 460 
specific reaction mechanisms, 4 
typical, 456 460 


Configuraional formulas. 615 619 


Configurations, 18 
of aldoses. 706-709 
alpha. 714 
determining, 680 

electrons of unreactive elements. 23 
inert gas, 24-25 
Conformations. 18.61-63 
boat. 71 
chair. 71,73 
determining. 680 
skew, 64 65 
transoid. 64 65. 68 
twist. 71.73 
Congo red, 654 
Conifcryl alcohol. 727 
Coniine, 802 
Conjugate acids, 283 
Conjugate eliminations, 305 
Conjugated proteins, 736 738 
Conjugated systems. 67 
additions to. 320-321 
Conjugation. 140 155 
electronic energy and, 645 649 
in modifying acid strengths, 211 212 
properties of. 184 195 
Coordination. 229 
Cope elimination reaction. 304 
Copolymerization. 856 858 

Copolymers. 856-858 

Cordus, Valerius, 286 
Coronenc. 76-77 
Cortisone. 781 
Cotton. Aimc', 633 

Cotton effect. 633 634.637 

Coumarin. 798, 799 
Coupling, 433 434 
azo, 347 348 
dye. 497 499 
free radical. 538 
spin 


with three identical hydrogens. 673 
with two identical hydrogens. 673 

Covalent bonding. 25 27 

Crafts, James Mason. 344 
Creatine. 804 
Cresol, 81 
/»-Crcsol, 867 


Crick. F. H. C., 813 
C riegee reaction. 562 563 
Cross-conjugated systems. 252 
Crossed-Cannizzaro reaction. 489 
Crolonaldchydc, 457. 458 
//■tf/u-Crotyl chloride, 273 
Cryptoxanthin. 777 

Crystal violet, 653 
Cumene hydroperoxide, 541 
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Cumulated systems, 67 
Cumulene, 67 
Cupric oxide, 1 Vo 
Curtius reaction, 312 
Curtius rearrangement, 514-515 
Cyanide, 87 
Cyanide ion, 267 
Cyano group. 276 
Cyanobenzyl alcohol, 276 
Cyanobenzyl chloride, 276 
Cyanoethylalion, 474 
Cyanohydrins. 396-397 
formation of. 397 
Cyclic acetal, 478 
Cyclic anhydride. 250 
Cyclic compounds, 68 
Cyclic imidcs. 87 
Cyclic isomers, 74 
Cyclic polymers, 85 
Cyclization. 790 
reactions, 385-387 
Cycloadditions, 588 599 

bridged polycyclic compounds. 593 -595 
cyclobutane ring formation. 595-596 
diene synthesis. 588-593 
Cycloalkanes, 120 
Cyclobutadiene, 145 

Cyclobutane rings. 69. 117-118, 595-596 
Cyclobutanediones. 596 
Cyclobutene. 595 
0 -Cyclocitral. 772 

1.3- Cyclohexadiene. 589 

1.4- Cyclohexadicnc, 584 
Cyclohexane. 120. 141. 142 

infrared spectra in. 646 647 
Cyclohexane ring. 68. 73 
conformations of, 71 
Cyclohexanone, 492 

stereochemistry of. 634 636 
Cyclohexatrienc, 141 
Cyclohcxene. 322 
Cyclooctatetracnc. 145 
Cyclopentadicne. 592. 594 
Cyclopentadienide ion. 425 
Cyclopentane. 434 
Cyclopentane ring. 69 
Cyclopenlanecarboxylic acid. 523 
Cyclopentanone. 470 
Cyclopentene. 315 
Cyclopropane, 306 
Cyclopropane rings. 69. 117 118. 307 
bond hybridization in. 119 
Cyclopropanonc. 398 
t -Cysteine, 732 
i -Cystine. 732 
Cytidine. 812 
Cytosine. 811 


DL-2.3-Butanediol, 791 
DPN\ Coenzyme-1,749 
Debyes. 192 
Decalins. 75-76 

Decarbonylation of aldehydes. 543 
Decarboxylation(s) 
reactions, 467-470 
typical, 469-470 
Degradation 
of aldoses. 699 
of fatty acids, 759-760 
of a porphyrin. 808 
of proteins. 741-742 
Ruff. 699 
Wohl. 699 

Dehalogenations, 300-301 
Dehydroascorbic acid. 819 
Dehydrogenation, 579 
Delocalization energy, 142-143, 145 
Denaturation, 736-737 
Denatured proteins. 738 
Deoxyribose. 813 
2-Deoxyribose. 710 
Deoxyribonucleic acids. 812-813 
Depolymerization. 543-544 
Depot fats. 759 
Derived proteins, 736-738 
Desulfurization, 834 
Detergents, 761 -766 
cationic. 765 
colloid chemistry. 761 
manufacture of. 761-766 
molecules of. 761 
nonionic. 765 
Detonation. 550-552 
Developed dyeing. 659 660 
Dextrorotatory (clockwise). 67 
Diacetone alcohol. 299. 457 
Dialkyl amines. 219 

-Dialky lamides. 440 
Dialkyloxonium ions. 283 
Diamminosilver ion. 156 
Diamond crystal lattice. 41 -42 
Diaryl ethers. 221,285 
Diastereoisomers, 619 620. 699 

1.3- Dia/anaphthalene. 790 

1.4- Diazanaphthalene. 790 

1.3- Dia/ete. 787 
1.2-Diazine. 788 

1.4- Dia/ine. 788 

Diazo compounds. 495 509 
properties of. 501-505 
reactions of. 501 505 
Diazo hydrocarbons. 310 
Dia/o hydroxide. 497 
Diazoamino compounds. 660 
Diazoale ion. 497 
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Diazobomane, 514 

1,3-Diazole, 788 
Diazomethane, 310, 503 
Diazonium compounds, 495-509 
Diazonium ion, 527 
Diazonium salts 
properties of, 496-501 
reactions of. 496-501 
reduction of, 586 
Diazotype processes, 660 
Dibenzalacetone, 458 
Dibenzamidc, 518 
Dibenzofuran, 789 
Dibenzo [b.d] furan. 789 
Dibenzo jb.ejpyran. 789 
Dibenzo m.el pyridine, 789 
Dibenzo [b,dj pyrrole. 789 
Dibcnzylidcneacetone. 458 
Dibromides, 270 
Dibromobutane, 169 
Dibromocthane, 187 

2.5- Dibromofuran, 795 

2.5- Dibromothiophene, 795 
Dichlone, 826 
Dichlorides, 270 
Dichloroacetic acid, 209 
o.o-Dichlorobiphcnyl, 622 
2,2'-Dichloro-6-bromobiphcnyl, 621 
Dichlorocarbenc, 308 309 
Dichlorochlorovinylarsine. Lewisite. 829 
Dichlorocyclohcxanc, 75 
Dichlorocyclopropanes. 309 
Dichlorodifluoromcthane, 848 
Dichloroethane, 247-248 

conformations of. 249 
Dichloroelhylcne, 18 
Dichloromethylcne. 308 

2.4- Dichlorophcnol. 481 

2.4- Dichlorophcnoxyacetic acid. 823 
Dicoumarol, 798 
Dicyclohcxylcarbodiimidc. 747 
Dicyclopcntadicnc. 592 
Dieckmann cydization. 460 
Dieldrin, 592 

Dielectric constants. 255 
Diels, Otto. 588 
Diels-Alder reaction, 589 
of cyclopcntadicne, 594 
reversibility of. 590 
typical. 591 593 
Diene. 320 

Diene synthesis, 588 593 
Dicnophilcs. 588 
Diethanolamine. 791 
Diethyl ether. 286 
Dicthylacctal, 400 
Diethyldichlorosilane. 427. 842 


Diethylene dioxide. 788 
Diethylene glycol. 791 
Dicthylstilbestrol. 782. 783 
Diffraction, 684-688 
electron, 688 
neutron, 688 
patterns in, 686 
techniques, 687-688 
theory of. 684-687 
x-ray, 687-688 
Difluorochloromcthane. 848 
Digestion, 722-724 
Dihalocarbenes, 308 
Dihedral angle, 63 

9.10- Dihydroanthracenc, 584 

9.10- Dihydroanthracene-9.l0-«’/it/o- 
succinic anhydride. 593 

Dihydrofuran. 796 

9. 10- Dihydro- 10-oxanthracene. 789 
Dihydroxyacetone phosphate. 723. 726 
0 , i-Dihydroxy-0-methylvalcric acid, 779 
Diiodides. 316 

Diisobutylcne. 838 
Dikctopipcrazine, 735 
Dimeric amides. 181 
Dimethyl sulfoxide. 296 
Dimethylacclamide. 186 
Dimethylacctylenc. 68 
7-Dimcthylallyl pyrophosphate, 779 
4-Dimclhylaminoazobcn/ene, 498 
/V./V-Dimcthylanilinc. 501 

2,3-Dimclhylbutadienc. 860 

2.2- Dimcthylbulane, 836 
Dimcthylcyclopropanc, 74 75 
Dimethyldichlorosilanc. 427, 842 

2.2- Dimcthyldioxolanc. 400 
Dimelhylelhylaminc. 303 
Dimcthylformamidc. 275. 278 

2.2- Dimcthylbulane. 836 

3.3- Dimcthylpentanc, 836 
Dimethylpropylaminc. 303 

5.8- Dimcthyltocol, 819 

7.8- Dimcthyllocol. 819 
//i-Dinilrobcn/cnc, 480 

2.4- Dinitrochlorobcn/cnc. 479. 480 

2.4- Dinitrofluorobcn/cnc. 481 
Dimlrophenol. 212 
/>-Dioxanc. 788 

1.4- Dioxane. 788 
Dipcptidc hydrochloride 735 
Diphenyl ether. 155 
Diphenylamine. 219. 221 
Diphcnylcarbcne. 308 
w-Diphenylcne. 485 
Diphcnylpicrylhydra/yl, 536 

1.3-Diphosphoglyceric acid. 723 
Diphosphopyridinc nucleotide, 749 
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Dipolar aprotic solvents, 275 
Dipole moments, 32, 184, 187. 192-195 
of benzene, 352 

in determining structure. 680-682 
electric, 676 683 
of methane, 352 
structure and. 676-682 
Dipropyl, 286 
Diradicals, 545-547 
Direct dyeing. 659 
Disaccharides, 712-715 
digestion of, 722-724 
Dispersion. 605 
optical rotatory. 633 638 
Displacement process, direct, 262-263 
competition between carbonium ion process 
and.275 

Dissociation constants 
for acids, 212 

for monosubstituted benzoic acids, 215 
Dissociation energies, 226 
Diterpenes, 776 777 
Dithiocarbamates. 826 
1,2-Dilhioglyccrol. 829 
/i-Docosane, 543 
2-Dodecenedioic acid. 822 
Dodecyl alcohol. 583 
Dow processes. 155 
Dumas, J. B. A„ 6 
Dumas gasometric method. 13 
Durenesulfonic acid, 524 
Dye coupling. 497 499 
Dyeing, 652 660 
developed. 659 660 
direct. 659 
ingrain. 659 660 
mordant. 659 
Dyes. 652 660 
acid. 654, 655 
a/ine. 656 
azo. 654 
basic. 655 

classified according to chromophores. 

654 657 
mdigoid. 657 
nitro. 656 
phlhalein, 655 656 
quinone. 657 
sulfur, 657 

triphenylmethane. 655 656 
vat. 657.660 
xanthene. 801 

Eclipsing strain. 69, 73 
Elastin, 737 

Electric dipole moments. 676 683 


Electrolyte. 206 

Electromagnetic absorption spectra, 185-189 
Electromagnetic waves. 640 
Electron-deficient rearrangements, 510-522 
Electronic energy. 645-649 
Electronic formulas. 17-18 
Electron-rich rearrangements, 510, 522-523 
Electrons, 20-24 

configurations of unreactive elements, 23 

diffraction, 32. 688 

oxidation of. 46-47 

pair bonds. 17 

pairs, unshared, 122-124 

paramagnetic resonance. 674-675 

quantum numbers of. 21 

reduction of. 46-47 

• 

transfer. 229 
unpaired. 532 
Electrophiles. 123 
types of. 243-245 
Electrophilic additions 
to carbon-carbon multiple bonds, 314-327 
mechanisms of. 315 317 
Electrophilic aromatic substitution. 338 370 
nature of, 338-339 
orientation with several groups. 360 
representative reactions. 362-367 
reversibilit\ in. 361 362 
side reactions, 367 368 
substituent effects, 348 362 
Electrophilic reagents, 130. 147, 338. 340-348 
Electrophoresis. 734 
Electro valence. 24-25 
Elimination reactions. 292-312 
alpha, 308-312 

base-promoted. 293 295, 297 298 
beta. 292-303 
conjugate. 305 
Hofmann. 292. 301 303 
involving internal replacements, 306- 307 
pyrolytic. 304-305 
reagents for. 296-297 
Empirical formulas. 6. 14 
Enantiomorphic allencs. 621 
Enantiomorphs 67, 79. 615. 622 
Endergonic system. 235 
Endo alcohol. 594 
Endopeptidases. 742 
Endothal 824 
Energy 

changes in molecules, 639 641 
electronic, 645 649 
molecular ionizing. 691 -692 
Enol, 172 

Enolate ion, 150.211.448-472 
Enolpyruvic acid, 723 
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Enols. 150. 152.448-472 
Enlropy, 237 
Enzymes. 748-751 
neutralizers. 829 
Eosin, 656 

Epichlorohydrin. 307. 325 
Epimers. 699 
Epinephrine. 821 
Epoxidation. 569 570 
reaction. 552 
Epoxides. 242. 277. 306 
Epoxy compounds. 438 439 
cis-2, 3-Epoxybutane. 791 
Equatorial groups 74 
Equilenin, 782 

Equilibria, quantitative (reatmenl of. 236 240 
Equilibrium constants. 229 230 
Eremophilone. 774 
Ergosterol. 547. 781 
Eriodictiol. 818 
Erlenmeyer structures. 172 
Erythro configurations. 617 
Erythrose-4 phosphate, 726 
•)-Erythrose. 707 
Esterification reaction, 133 
Esters. 84. 261 
acctoacctic 

dialk> laled, 466 
monoalky latcd. 466 
s>ntheses. 466 467 
Claisen condensation. 459 460 
cnol of. 450 
glycer>l. 135 
hydrolysis of. 376 378 
alkaline. 378 379 

interchange as a nucleophilic displacement 
373 375 

malomc syntheses. 463 466 
of methacrylic acid, 406 
sodiomalotnc. 464 

structures by cleavage and synthesis, 166 
sulfonate, 385 
of tertiary alcohols. 388 
thiol. 280 
unhydrolyzed. 379 
unsaturated 

additions to. 474 476 
poly mers from. 863 
with active hyJrogcn. 455 
Estradiol. 782 
Estrone. 781 
Ctard method. 560 
Ethane. 36 37.59 60 
conformations of. 248 
energy diagram for rotation of. 63 
Ethano bridges. 76 


Ethanol. 18. 166. 267. 324 
NMR spectrogram of. 670. 67 1 
Ethanolamine. 767. 791 
E'.hanolic alkali. 295 
Elhanolic sodium hydroxide, 293 
Ether. 81. 179. 261 
ally! isopropenyl ether. 529 
ethyl vinyl. 433 
insoluble. 122 

structures of cleavage and synthesis. 166 168 

/.’/■/-butyl methyl. 384 
Ethyl acetate. 490 
Ethyl acetoacetatc. 454. 466 
Ethyl adipate, 576 
Ethyl alcohol. 454 
Ethyl benzoate. 354 
Ethyl bromide. 334 
Ethyl bromoacetale. 438 
Ethyl bromozincoacclatc. 438 
Ethyl cellulose. 71 7 
Ethyl cinnamate. 477 
Ethyl cyanoacctale. 477 
Ethyl 2-cyclopenianonecarboxylate. 460 

Ethyl hydrogen sulfate. 217 
Ethyl iodide. 92 
Ethyl laurale. 583 
Ethyl malonale. 463, 477 
Ethyl malonate cnolate ion. 463 
Ethyl ■V-mcthyl-A'-nitrosocarbamate. 495 
Ethyl octadecanedioale, 543 
Ethyl phenyIcyanoacctalc. 464 465 
Ethyl vinyl ether. 433 
E thy lbenzene. 836 
Ethylcadmium bromide. 440 
Ethylene. 34 35. 147. 334 
Ethylene glycol. 791 
Ethvlcnc oxide. 170, 787. 791 
Elhyleniinine. 787 
2-Ethylhcxyl phthalate, 864 
Ethylidcnc chloride, I 7 1 
168 3-Ethylpcnlanc. 836 

Elhylpropyldimethylammonium hydroxide. 

303 

E thyltrichlorosilanc. 427. 842 
Ethynylation. 397 398 
Eudalcnc. 775 
Eudcsmol. 774 
Eugcnol. 167 
I xergonic system. 235 
Exo alcohol. 594 
Exothermic reactions. 237 
Explosion. 550 552 

I AD. 749 750 
EMN.749 750 
Earncsol. 774 


950 INDEX 


Farnesyl pyrophosphate, 779 
Fats 

acids from, 757 
analytical values of. 755 
biological utilization of. 759 
chemical properties. 754 756 
depot. 759 

hydrolysis of. 754 755 
physical properties. 754 
structure, 756 758 
Favorsky rearrangement. 522 -523 
Fehling's solution. 698 
Fermentation process. 81 
Ferric chloride, 383 
Ferric cytochrome, 749 
Ferric ion. 152 
Ferrocene, 424 425 
Ferrous hydroxide. 156 157 
Fibroin. 737 

Fischer. F.mil, 634. 704. 706 
Fischer. Hans. 808 
Flavmadeninedinucleotide. 749 750 
Flavinmononucleotide. 749 750 
Fleming. Alexander. 83 
Fluid catalytic cracking. 835 
Fluorene. 433 

9-Fluorenylmagncsium halide. 433 
Fluorescein. 655 
Fluorescence. 652 

energy transitions leading to. 658 659 
Fluorine. 124. 332 
Fluorocarbons. 848 
Fluorochlorobromomelhane. 79 
Folic acid. 816 
Folinic acid. 751 
Formaldehyde. 47. 171 
Formic acid. 83 84.165.210 
Formulation. II 18 
determination of composition. II 13 
qualitative analysis. I 1 
Frankland, Fdward. 3 
Free radicals. 226. 532 549 
diradicals. 545 547 
energy requirements of. 334 335 
evidence for. 533 536 
formation of, 537 538 
fragmentation of, 542 544 
initiation of, 537 538 
ions. 545 

nature of, 532 533 
processes. 329 330. 850 852 
reactions. 538 542 
rearrangements. 544 545 
stereochemistry in. 542 
See also Radicals 
Freezing point, 7 


Friedel, Charles. 344 

Friedel-Crafts reactions, 344-347, 528, 529 
Fries rearrangement, 528 
Fructose. 709 

Fruclose-1.6 diphosphate, 723. 726 
Fructose-6 phosphate. 723, 726 
a-D-Fructofuranose. 705 
/3-D-Fructofuranose. 705-706 
Fuchsin, 655 
Fulvenes. 252 
Fumaric acids, 250, 724 
Functional group, 163 
Functional isomers. 169-170 
Fungicides. 826-827 
Furan. 791.795 
Furfural 792 

Fused aromatic systems. 145 

Gabriel synthesis, 278 
D-Galactose. 707 
Galacturonic acid, 721 
Gamma position, 210 
Gattermann. Ludwig. 499 
Gattermann's modification, 499-500 
Geometic isomers. 39 40. 66. 74 
Geranial. 772 

Geranyl pyrophosphate. 779 
Gliadin. 737 
Globin, 737 
Globulins. 737 
Glucaric acid. 698 
Gluconic acid. 698 
a- D-Glucopyranose, 706 
2-Glucosaminc. 722 
Glucose. 91 

details of the molecule of. 701 -704 
mutarotation of, 702 
as a typical monosaccharide. 696 -699 
o-Glucose. 707. 709 
Glucose-1 phosphate. 723 
Glucose-6 phosphate. 723. 726 
Glucuronic acid. 698 
i -Glutamic acid, 733 
l -Glutamine. 732 
Glutelins. 737 
Glulemn, 737 
Glycaric acid. 698 
o-Glyceraldehyde, 707 
(S)-Glyceraldchydc. 625 
Glycerol. 92 

Glycerol dichlorohydrin, 307 
Glyceryl esters. 135 

Glyccryl-a-palmitate-a',/3-distearate, 758 
Glyceryl tristearate, 758 
Glycine, 732 
Glycocholic acid, 781 
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Glycogen, 723 
digestion of, 722-724 
Glycols. 80 
hexamethylene. 576 
Glycoproteins. 737 
Glycosides. 711-712 
. naturally occurring. 711 
Glyoxal dihydrate. 399 
Glycuronic acid. 698 
Golden yellow. 663 
Gomberg. Moses. 532 
Graphite. 42-43 
crystal lattice. 42 43 
electron transfer in. 43 
Greek letter conventions. 97 
Green 

emission and absorption relationships. 650 
malachite. 653. 655 
Grignard. Victor. 422 
Grignard reaction, 127.422 
Grignard reagents, 422 423 
acid derivatives and. 439- 440 
aldehydes and.437 438 
aryl. 431 

carbonalion of, 441 
ketones and,437 438 
syntheses by addition. 436 437 
Group interactions. 139 157 

conjugation and resonance. 140-155 
oxidation and reduction. 155 157 
Guaiazulcnc. 775 
Guaiol. 774 
Guanidines, 22? 

Guanidinium ion. 252 
Guanine. 811 
Guanylic acid. 812 
t>-Gulose, 707 

Halide. 78 79 
acyl. 84 

alkyl. 78. 123. 126 127 
aryl. 126 127 
carbonyl. 121 
coupling of. 433 

nucleophilic displacements in. 481 482 
phosphorus. 290 
poly. 78 

replacements of. 260 280 
side reactions of. 279 280 
vinyl. 129 
Halide ion. 284 
Halo-carbonyl compound. 451 
Haloclhylcnc polymers. 863 
Haloform reaction, the 452-454 
Halogen acids. 284 
Halogen atoms. 155 


Halogenation. 78, 154.452 
and addition to olefins by free radical 
processes. 329-336 
acid-catalyzed. 450 452 
reactions. 362 363 
reagents for. 340 342 
Halogens. 52. 120. 121.209 
replacement by metal. 422 423 
Halokelones. 294 
Hantzsch synthesis. 796. 798 
Haworth. \V. N.. 702 
Heisenberg uncertainty principle. 20 
Helindon yellow CG. 657 
Helium atom. 25 

Hell-Volhard-Zclinsky reaction. 450 451 
Hemiacetal. 702 

formation of. 398-401 
Hemicclluloscs. 721 
Hemoglobin. 738 
Heptaehlor. 593 
Heptane. 836 
Heptanoic acid. 699 
Heleroauxin. 822 
Hctcrocycles. 785 814 

bridged polycyclic. 802 804 
chemical properties of, 793 796 
nomenclature. 786 790 
occurrence. 785 786 
physical properties of. 793 
sullixcsof simple. 786 
syntheses, 790 

with more than one helero atom. 804 806 
Heterolysis. 229 
Heterolytic reagents. 243 
Hclerolylical. 263 

*y -(meso) Hexachlorocyclohexanc (lindane), 
621 

Hcxachlorocyclohcxancs. 336. 621 
Hexachlorocyclopentadicne. 592 
1 .7.8.9.10.10-Hcxachlorotricyclo (5.2.1 0 2 ’ 6 ) 
dccanc. 592 

Hcxamcthvlbcn/cne. 6X7 

Hexamethylene glycol. 576 

Hexumcthylcncdiaminc. 3X1, 577. X66 

Hexane. 836 

Hexanedione. 1X6 

llcxjlncne.320 

I-Hexene, 836 

Hexoscs. 707 

Hexyl bromide, 155 

Hibbert method, 299 

Hinsbcrg. O.. 388 

Hinsbcrg test. 388 

Hippuric acid. 381 

I -Histidine. 732 

Histones. 737 
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Hofmann. August W.. 302 

Hofmann elimination reactions. 292. 301 -303. 


H>droecnoly«iv. >72 580 
Hydroha logcr. acids. 290 
Hydroindigo. 657 
Hydrolipoic acid. 726 


304 

Hofmann rearrangement. 311. 514 515 
Hofmann synthesis. 278 
Holoenzymes. 748 
Homologous series. 59 
Homologs. 78 
refractions of. 607 
Homology, principle of. 59, 166 
Homolysis. 226. 537 
Homolytic process. 329 330 
Hordein. 737 

Hormones. 781 782. 815 825 
plant, 822 
Hikkel's rule. 145 
Hybrid orbitals. 32 34 
Hydrated ferric oxide. 156 
Hydrates, formation of. 398 401 
Hydrazine. 135 
Hydrazobcnzene. 527. 583 
Hydride. 443 445 
lithium aluminum. 442 444 
metal 

handling hazards. 445 
reduction by. 441 445 
Hydride exchange, 488 494 
Hydrobcnzamide. 418 
Hydroboration. 427 428 
Hydrobromic acid. 45. 285 
Hydrocamphenyl cation. 773 
Hydrocarbon groups. 104 107 
Hydrocarbon(s). 77 
formulas and structures of. 14 
molecules. 183 
saturated, 556 
unsaturated 

hydrogenation of. 574 576 
oxidation of, 552 554 
Hydrochloric acid, 218, 284 
Hydrochloride. 773 
Hydrogen 
bonds to.118 122 
active 

anhydride with. 455 
reactions of. 448 472 
ester with. 455 
ketone with, 455 
coupling with, 673 
molecule, 25 

reactions, conditions of. 572 
H ydrogen bondi ng. 40 41, 179 
Hydrogen bromide, 257 
Hydrogen fluoride, 284 
Hydrogenation. 572 580 
of polar unsaturated compounds. 576-577 
ol unsaturated hydrocarbons. 574 576 


Hydrolysi-, 

amide formation and. 380 383 
of cellulose. 718 
of esters. 376 378 
alkaline. 378-379 
sulfonate. 385 
of fats. 754 755 
of oils. 754-755 
of pentamethy Iglucose, 704 
of proteins. 740 
of sucrose. 713 
Hydroperoxide. 541 
Hydroperoxide formation. 540—541 
Hydroquinone. 156-157 
Hydroxamic acids. 382-383 
Hydroxide ion. 135. 151.242 
Hydroxy. 78 

Hydroxy compounds. 276 
Hydroxy group. 133. 283 
Hydroxy aldehyde. 702 
/>-Hydroxyazobenzene. 498 
Hydroxybenzoicacid. 216 
Hydroxy lamine. 135 
Hydroxylation. 569-570 
/3-Hydroxy -8 -meihylglutaryl, 779 
L-Hydroxyproline. 732 
8 Hydroxyquinoline. 796 
Hypcrconjugation, 269 
Hypochlorousacid, 325 
Hypoxanthine. 811 
Hypsochromes. 650-652 

D-Idose. 707 
Imidazole. 788.804 
Imides. 86- 87 
orbital formula for, 154 
Imidol. 516 
I mines. 136 
Imino tautomer, 252 
Immersion refractometer. 604 
Indicators, 660 663 
pH Indicators, 660 663 
Indigo. 657 
Indigoid dyes. 657 
Indole, 789. 791 
lndole-3-acetic acid. 822 
8 -Indolc-3-butyric acid, 823 
Indoxyl, 793 

Inductive effect, 208-209 
as measured by acid strengths. 209 
Inductive release. 269 
Inert gas configurations. 24-25 
Infrared spectra, 644-647 
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Ingrain dyeing, 659-660 
Initiators. 330 
Inorganic reagents, 45-53 
acids, 45 
bases, 46 
Inositol, 767, 818 
Insecticides, 825-826 
Insulin, 743, 821 
Internal return. 274 
Intramolecular reactions, 248-251 
Invert soaps. 765 
Iodide ion. 240 
Iodides, 179.422-423 
Iodine numbers, 755 
lodobenzene. 354 
Ion beams, positive, 689 
Ion pair. 264 266 
intimate, 265 
solvent-separated, 266 
tight. 265 
Ion-dipole, 316 

Ionic reagents, types of, 243 245 
Ionic species, 223 
Ionization constants. 208 
Ions, 24-25 
dissociated. 266 
radical. 545 
Isatin, 785 

Isobornyl chloride. 773 
Isobutane. 16 I 7. 60 
mass spectrum of. 691 
Isobutyl adipate, 864 
Isobutyl alcohol. 288 
Isobutyl bromide, 288 
Isobutylene. 428, 838, 852 
Isocitric acid. 724 
Isocyanate. 311 

cumulated unsaluratcd system of. 407 
preparation of. 409 410 
Isocyanides. 310 
Isoelectric point, 734 
Isoindolc. 789 
i -Isoleucine. 732 
Isomerization, 839 
Isomers, 16 
cyclic, 74 

formation of. 589 591 
functional, 169 170 
geometric, 66. 74 
number methods. I 72 175 
optical. 615 

physical properties of. 622 625 
positional, 79 
skeletal. 60 

cis-trans Isomers. 66. 248 251, 645 
determination of, 680 
Isonitrile. 267 


Isopentane. 60 
Isoprene, 770. 858 

Isopropyl alcohol. 163, 168,294.324 
Isopropyl bromide. 163 
Isopropyl N-phenylcarbamate. 824 
Isoquinoline. 789, 796 
Isostcres, 795 
Isotactic polymers, 854 
Isothiocyanales. 441 

cumulated unsalurated system of. 407-414 
Isovaleryl chloride. 440 

Jacobsen rearrangement. 523 

Katsoyannis. P. G.. 744 

Kekul6. Friedrich August. 3, 15 

Kekule structures, 141. 142. 143, 172.362 

Keratin, 737 

Ketcncs 

cumulated unsaturated system of. 407 414 
preparation of. 409 410 
Kcto form. 150 
a-Ketoglutaric acid, 724 
Kctoketencs, 410 
Kctol. 299 
Ketones. 82 

acctoacetic ester syntheses of. 466 467 
addition products of. 396 407 
cnol of. 450 

Grignard reagents and. 437 438 
reactions of. 392 -419 
unsaturated. 474 476 
with active hydrogen. 455 
Kctonic o\ygcn. 132 
Kiliani. Heinrich. 699 
Kiliani synthesis. 699, 707 
Kinetic collision rate. 232 
Kjcldahl litrimctric method. 13 
Knock ratings. 835 
Kolbc, Hermann. 3 
Kolbc synthesis. 543 
Korncr-Griess-Salkowsky method. 174 

Lactalbumin. 7 t7 
Lactams. 385 387 
Lactones. 385 387 
a -Lactose. 715 
Lanostcrol. 777. 778. 779 
Lavoisier. Antoine. I I 
Leaving groups. 261 
LcBcl. Joseph. 79 
Lccithjns. 766 767 
L-Leucine. 732 
Lcucoindigo, 657 

Lcvorotatory (counterclockwise), 67 
Lcvulinic acid. 859 
Lewis. Gilbert N.. 207 
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Lewis acids, 118. 244. 254, 275. 284. 298. 322. 
329 

Lewis base. 218.244. 260 
Lewis theory. 207. 244 
Lewisite. 422 

Liebig. Justus von. 11.226 
Light 

absorption of. 633 
color and. 650 
law of. 64 3 644 
spectra and. 639 
b> vibrational transition. 642 
wavelength. 649 

action ol two Nicol prisms on. 612 
plane-polarized. 609 
rotation of, 613 
polarized. 609 611 
theory of refraction of. 603 604 
Light waves 

perpendicular vibrations of. 610 
vibrations of. 609 
Lignin. 725 
Limonene. 772 
Lindane.336 
Linoleic acid. 756 
Linolemc acid. 756 
i -lodogorgoic acid. 732 
Lipids, 754 760 
compound. 766 767 
Lipoic acid. 726 
Lipoproteins. 738 

Lithium aluminum h>dridc. 442 444 
Lossen rearrangement. 514 515 
Lowry. T. M.. 205 
I iicas' reagent. 2X4 
i -Lysine. 732 
O-Lyvose. ’’(»/ 

Magenta. 65* 

M agnesium. 149 
Magnetic quantum number. 21 
Magnetic resonance. 667 (.75 
detecting. 668 h6‘) 
measuring. 668 669 

Magnetic resonance spectrometer. 668 66y 

Malachite green. 4o2. 653. 655 

Malaprade reaction. 562 

Malathion. S26 

Maleic acids. 250 

Maleic anhydride. 250. 555. 5X8 

Maleic hvdru/ide. 824 

Malic acid. 630. 724 

Malonic ester syntheses. 463 466 

Maltase, 714 

Maltose. 712 

Mandelic acid, 629 


D-Mannose. 707 
Markovnikoff. Vladimir. 318 
MarkovnikofTs rule. 257. 318 320. 345 
Mass action, principle of. 230 
Mass spectra. 689 692 
Mass spectrometer, 9 10.689 
Mass spectroscopy, 692 
Mauveine, 656 

Meerwein-Pondorf-Verley reaction, 490-492 
Melamine. 868 
Melting point. 179 

of continuous-chain organic compounds. 182 
Menthol. 772 
Mercaptans. 124. 278, 335 
Mercuric sulfate. 324 
Mercurochrome. 424 
Merthiolate. 424 
Mesityl oxide. 299. 457 
Mesitylene. 458 
Meso compound. 620 
Mesomeric structure. 172 
Mesomers. 144 
Mela anion. 211 
Metabolite anagonists. 829 
Metaldehyde. 403 
Mctal(s) 

hydrides, 441 445 
reduction by. 580 585 
with several valences. 585 
Metaphen. 424 
Metaproteins. 738 
Methacrolein. 51 52 
Methane. 45 
chlorination of. 330 331 
dipole moments of. 352 
Melhano bridge. 76 
Methanol. 45. 47. 210 
t -Methionine. 732 
Methoxide ion. 273 
Methoxy. 209. 285 
Methoxy I. 215 
Methy l acetimidate. 186 
Methyl alcohol. 166 
Methyl alky Icarbinol. 454 
Methyl ary I ethers. 285 
Methy l benzoate. 384 
Methy l benzylidenemalonate, 476 

— ^ ^ Imalonate, 476 

Methy l bromide. 239. 240 
Methyl cellulose. 717 
Methyl chloride. 330 

* I m-cinnamate, 588 

* -cinnamate. 588 
Methy I croly I ether. 273 
Methyl ether. 166 

Methyl glucoside. 561 
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Methyl groups, coupling with. 673 
Methyl halide, 268 
Methyl iodide, 167 

Methyl 3-methyl-3-cyclohexcnecarboxylate, 
591 

Methyl 4-methyl-3-cyclohexenecarboxylate, 

591 

Methyl orange, 661,663 
Methyl rubber, 860 
Methyl sulfate. 286 
Methyl terephthalate. 865 
Methyl violet, 662 
Methylallyl alcohol. 51-52 
Methylallyl chloride, 273 
Methylaminc, 584 
Mclhylation, 361 

3-Mcthyl-3-bulenyl pyrophosphate. 779 
/rrwj-2-Methylcyclohexanol. 428 
Melhylcyclohcxcne. 299 

1-Methylcyclohcxenc. 428 
Methylene. 308 312. 565 
Methylene blue, 663 
3-Meihylenccyclohexcne. 589 

1- Mcthylglucuronic acid. 561 

2- Mcthylheptane, 836 

3- Methylhcxane, 836 
3-Methyl-3-hcxanol. 438 
5*Methyl-3*hcxanonc. 440 
3-Methylidcnecyclohcxcnc. 589 

2-Mcthyl-1. 4 -naphthoquinone. 820 
/>-Mcthylolphcnol.46l 

2 - Mclhylpentane. 836 

3- Mclhylpcntanc. 836 
2-Mclhyl-l*penlcnc. 836 
2-Mcthyl-2-pcntenc. 836 
8 -Methyltocol, 819 
Mcthyltrichlorosilane, 427, 842 
Mcthyltriphcnylphosphonium iodide. 429 
Mevalonic acid, 779 

Meyer. Victor. 6. 785 786 
Michael addition. 476 477 
Midgley. Thomas. Jr.. 424 
Milton's reagent. 740 
Molecular energy levels. 31 
Molecular formulas. 14 17 
Molecular geometry. 246 251 
Molecular ioni/ing energies. 691 692 

Molecular mass spectra. 690 691 
Molecular moments. 676 679 
Molecular motions. 641 
Molecular orbitals. 30 36 
Molecular polarity. 40 
Molecular properties. 36 41 
geometry of. 36 38 
hydrogen bonding. 40 41 
polarity. 40 


rotations in, 38-40 
Molecular rearrangements, 510-531 
aromatic. 523-529 
classification of. 510-511 
electron-deficient, 510-522 
electron-rich. 510. 522-523 
Molecular spectra. 639-652 
Molecular weights. 6- 10 
cellulose. 716 
determination of. 6 
from freezing and boiling points. 6 9 
from mass spectrometer. 9 10 
from nuclear magnetic resonance. 10 
of porphyrins. 808 
from spectroscopic data. 10 
from vapor density. 6 
from x-ray diffraction. 10 
Molecules 

absolute configurations. 634 
asymmetric. 620-622 
of detergents. 761 

effect of temperature on activation of. 232 
energy changes in. 639 641 
glucose. 701 704 
of oxygen. 540 

permanent inductive polarization in, 209 
polar. 676 

projections onto plane surfaces. 616 
rotations in, 38 40 
Molozonidcs, 553 
Monoalkyl ether. 791 
Monoglyccride. 766 
Monomeric form. 181 
Monosaccharides. 695 711 
chemical properties of. 696 699 
classification of, 695 
cyclic formulas for, 704 706 
importance of. 709 710 
inlcrconvcrsions. 699 701 
physical properties of. 695 696 
Monolcrpcncs. 770 774 
Mordant dyeing. 659 
Morphine. 797. 803 
Mucin. 737 
Mucoids. 737 

Multiple bonds. 33 35.65 68 
general reactivities of. 314 
Mutarotation, 702 
Myogcn. 737 
Myosin. 737 
Myrccnc. 772 
Myricyl palmitatc. 760 

NMR spectra. 669 674 

Names, common 

additive. 95 
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Names, common ( continued) 
constitutive, 94-95 
derivative, 95 
generic, 95 
substitution. 95 
0-Naphthaldehyde, 577 
Naphthalene, 76. 145, 172 
0-Naphthaleneacetic acid. 530 
Naphthalene-l-acetic acid. 823 
a-Naphthalenesulfonic acid, 524 
0-Naphthalcnesulfonicacid, 524 
Naphthol, 152 
0-Naphthol, 527 
0-Naphthoyl chloride. 577 

/3-Naphthylthioacetomorphofide. 530 
Natta. Giulio, 854 
Neo carbon atom, 288 
Neopentane. 60 
Neopentyl alcohol. 288,489 
Neopcntyl bromide. 289 
Neopentyl cation, 511-512 
Neopcntyl chloride. 512. 544 
Neophyl radicals, 544 
Neoprene. 860 
Neral. 772 

Neutron diffraction. 688 
Neuman projections, 62.617 
Niacin. 816 

Nicol prisms. 610 611, 612 
Nicotine. 175-176, 797 

Nicotinic acid, 175 176.816 

Nickel. Raney. 574 575 
Ninhydrin. 740 
reaction, 740 
Nirenberg, M. W..8I3 
Nitration, 154. 540 
reactions. 363 
reagents for. 342 343 
Nitric acid. 53. 11 7 
Nitrile. 87, 136. 267.440 441 
addition to. 403 406 
addition products of. 396-407 
reactions of. 392 419 
Nitrite esters. 267 
Nilro compounds. 87. 169 
Nitrodyes, 656 
Nitroanilinc. 194 195.219 
Nitrobenzene. 194.351 353 
absorption spectra of. 652 
free energy diagrams for. 356 
reactivity toward nitration. 354 
o-Nitrobenzenesulfonyl chloride. 566 
w-Nitrobenzoicacid, 504 
Nitrocellulose. 716 
«j-Niiroch!orobcnzene. 479 
o-Nitrochlorobenzene. 479 


p-Nitrochlorobenzene, 479 
Nitrogen 
analysis for, 13 
atoms, 121, 152. 169 
compounds. 629 
Dumas train, 13 
eliminations of, 505-507 
functions. 86- 88 
Kjeldahl titrimetric method, 13 
migrations. 514-519 
Nitromethane. 351-353, 584 
Nitrophenol, 211 
w-Nitrophenylacetic acid, 504 
/7-Nitrophenylvinyl bromide, 48'! -482 
Nitrosation, 348 
Nitrosoaklylureas, 495 
Nitrosoalkylurethanes, 495 
Nitrosoamines. 500 
Nitrosobenzene. 583 
/j-Nitroso-.V.A'-dimethylanilinc, 501 
Nitrous acid. 500-501 
Nobel. Alfred, 551 
No-bond resonance, 269 
Nomenclature. 91-112 
chemical abstracts. 104 
examples in representative classes of com¬ 
pounds. 110-112 
tables, 104-112 
Nonaromatic diene. 147 
Nonbonding interactions, 37 
Nonionic detergents. 765 
Norbornadienc. 592 
Norbornane, 75-76, 594-595 
Norbornene. 627, 806 
Norepinephrine. 822 
Norethynodrel, 783 
l -Norleucine. 732 
Nucleic acids. 810 , 812 813 
Nucleophiles. 123 124. 125 
types of. 243 245 
Nucleophilic additions. 371-419 
general mechanisms for. 392 -396 
in unsaturated systems, 436 447 
Nucleophilic agents. 260 261 
Nucleophilic displacement(s), 371 419 
aromatic. 478 481 
via aryne intermediates, 482 486 
ester interchange as a typical. 373-375 

reactions, 260. 371-373 
Carbonium-ion process. 263-266 
direct process. 262-263 
mechanisms of, 262 263 

role of metal ions in. 266 267 
in unsaturated systems. 436 447 
in vinyl halides, 481 482 
Nucleophilic reactions. 473-487 



INDEX 957 


Nucleophilic replacements. 282-290 
Nucleoproteins. 737 
Nucleosides, 812 
Nucleotides, 812 
Nylon 66,381.866 

Ocimene, 772 
Octane. 836 

Octane numbers, 835, 836 
Octant rule, the. 635 
1-Oclene, 836 
Oils 

biological utilization of. 759 
cliemical properties of. 754 756 
hydrolysis of, 754 755 
physical properties of. 754 
silicone. 846 
Olcanolic acid. 777 
Olefinic bonds. 129 130 
Olefins. 65.92.222.287.298 
addition to. 502 503 
structures. 168 169 
Oleic acid. 756 
Oligosaccharides. 715 
Oppenaucr reaction. 490 492 
Optical activity. 609 632 
active substances. 611 613 
asymmetric carbon atom'. 619 620 
asymmetric molecules. 620 622 

conventions for configurational l.»im 

615 619 

molecular basis ol. 61 3 615 
physical propel lies ol ».oiiiers. 622 <’2> 
polarized light. 609 61 I 
preparation ol compounds. 626 f>3l 
racemic modifications. 620 
Optical bleaches. 652 
Optical configurations. 706 709 
Optical isomerism. 67 
Optical isomers. 61 5 

physical properties of. 622 625 
Optical rotatory dispersion. 633 638 
applicability of. 638 
Cotton effects. 633 634.637 
measurement of. 634 
structure and. 634 638 
Orange 

emission and absroplion relationships. 650 
methyl. 661.663 
Orbital formulation. 36 
Orbital hybridization. 31 33 
Orbitals 

atomic. 140. 142 
sigma molecular. 140 
Organic compounds 

acidity and basicity in. 205 223 


classification of. 77 88 
constitution of. 59 88 

functional groups of. 77 88 
Organic molecules. 184 
O nic peroxides 

iipoundx, 568 570 
j uration of. 568-569 
(): omagnesium halides. 422 

Oiy nomcrcury compounds. 424. 827 
Orcanometalliccompound'. 127. 420 435 
chemical reactions. 431 454 
handling problems. 430 451 
preparation of. 421 423 
reactions by. 436 441 
typical. 423 430 
Organometalloids. 420 435 
Organophosphnrus compounds. 428 430 
Organosilicoit compounds. 841 846 
t. -Ornithine. 7 32 
Ortlio carbon atoms. 272 
Orthoformatc ester s> nlhesis. 310 
<irtho-para directing systems. 359 360 
Osazones, 416 
Osmotic pressure, 6. 8 9 
Ovalbumin. 737 
Oxalylucclicacid. 724 
OxalylsUeeinic acid. 724 
Oxazines. 656 
Oxa/ole. 78? 

1. 3-Oxazole. 787 
Oxidation. 155 157. 550 571 
by air, 550 557 
of alcohols. 556 
primary. 560 561 
secondary. 560 561 
of aldehydes. 556. 561 562 
of aliphatic side chains. 559 560 
of alkcncs. 557 559 
of aromatic nuclei. 555 
to quinones. 564 565 
of aromatic side chains. 555 556 
of hydrocarbons 
saturated. 556 
unsaturated. 552 554 
mechanisms of. 563 564 
by oxygen. 550 557 
by reagents in a solution. 557 566 
of sulfur compounds. 565 566 
of vicinal glycols. 562 564 
Oxidation-reduction. 48 49.488 494 
Oxidizing agents. 52 53 
l.2H-Oxin. 788 
1,4H-Oxm. 788 
Oxiranc. 787 
Oxo functions. 79 85 
Oxo process, the. 578. 844 
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Oxolane, 787 
Oxonium ions, 45. 125 
Oxy functions, 79-85 
Oxygen 
analogs, 85 
atom. 152, 169 
carbonyl, 414-418 
migrations, 519-521.528-529 
molecules of, 540 
oxidation by, 550-557 
Oxytocin, 744, 821 
Oxyzenin, 737 
Ozalid process, the, 499 
Ozonides. 168, 553 
Ozonolysis, 552. 771 

• 

PETN.489, 551 
Palladium chloride, 324 
ar-Palmityl-a'./3-disiearin, 758 
Pamaquin, 797 
Paneth, Fritz. 533-534 
Pantothenic acid, 830 
Papaverine, 797 
Para carbon atoms, 272 
Paraffin, 60 

thermal reactions of, 539-540 
Paraldehyde. 403 
Parathion, 826 
Pasteur, Louis. 613 
Pauli exclusion principle. 21.26 
Pectins. 721 
Penicillin G. 791,831 
Pentachlorophenol. 826 
Pentadiene, 67 
Pentaerythritol. 489 
Pentaerythritol monoalkanoatc. 766 
Pentaerythritol tetanitrate, 489. 551 

2(R),3(S),4(S).5(S)-2.3,4,5,6- Pentahydroxy- 
hexanal. 625 

Pentamethylcne bromide. 434 
Pen tame thylglucose, 697, 703 
Pentane. 92. 173 
2,4-Penlanedione. 454 
3-Pcnlanone. 453 
2-Pentcne. 428 
Pentobarbital. 805 
Pentosans, 792 
Pentoses, 707. 792 
Peptides. 736 
Peptones, 738 
Peracetic acid, 592 
Perbenzoic acid, 556 

Perhydrocyclopentanophenanthrene. 778 
Perkin. Sir William. 458 
Perkin condensations. 458-459 
Peroxidation. 568 569 


Peroxides, 53 
Pesticides, 825-827 
Petroleum, 834-840 
cracking, 835-837 
products, 839-840 
refining. 834-839 
reforming, 837-838 
pH indicators, 660-663 
Phenanthrene, 145 
Phcnazines, 656 
Phenobarbital, 805 
Phenol. 80-81. 150-152. 171.283 
acidity in. 148-153 
O-substituted, 526-528 
reactivity toward nitration, 354 
Phenol-formaldehyde polymers, 866-867 
Phenoxide ion, 151,211 
Phenyl allyl ether, 275 
Phenyl azide, 806 
Phenyl isocyanate. 411 
Phenyl isothiocyanate. 411 
Phenylacetic acid, 213 
L-Phenylalanine, 732 

l-PhenyIazo-2-naphthol, 527 
y-Phcnylbutyric acid, 582 
iV-Phenylcarbamates, 411 
Phenylchlorosilanes. 842 
/V-Phenyldiazoline, 476 
Phcnylethyl bromide, 293, 332 
Phcnylethyl halides, 272-273 
Phenylglyoxalanilide, 518 
Phenylhydrazine, 476, 586 
.V-Phcnylhydroxylamine, 526, 583 
Phenylmercuric acetate, 421 
Phenylosazone, 697 
0-Phenylpropionicacid. 530 
Phenylpyruvicacid, 578 
Phenylsulfonylquadricycloheptanc, 307 
/V-Phenylsulfamic acid, 526 
Phosgene. 121, 122 
Phosphate. 751 
Phosphatidic acids. 766 767 
Phosphatidyl cholines, 766-767 
Phosphatidyl ethanolamines, 766-767 
Phosphatidyl serines. 766-767 

2- Phosphoenolpyruvic acid. 723 
Phosphorescence, 658-659 

3- Phosphoglyceraldehyde. 723 

3-Phosphoglyceraldehyde. 726 

2- Phosphoglyceric acid. 723, 726 

3- Phosphoglyceric acid. 726 
Phosphoinositides, 766-767 
Phosphoproteins. 738 
Phosphoric acid. 221.299 
Phosphorus halides. 290 
Phosphorus pentoxide. 299 
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Phosphosphingosides, 766-767 
Photoelectric spcctropolarimeter, 634 
Photolysis, 254 
Photosensitization, 546 
Photosynthesis, 725 
Phthalein dyes, 655-656 
Phthalic anhydride, 555, 865 
Phthalimide, 87, 278 
Phthalocyaninc, 686 
Physical properties, 179- 195 
Phytyl, 808 
Pi orbitals, 34 
Picric acid. 212 
Picryl chloride, 479 
Pimaric acid. 776 
Pinacol, 512, 582, 860 
rearrangement, 289 
Pinacolonc. 512 
Pinene, 773 
/9-Pinene. 772 
Pinene hydrochloride, 773 
Pinyl cation, 773 
Piperidine. 802 
Piperine, 802 
Pitzer strain. 69 
Pival, 827 
Pivalaldchyde, 489 
2-Pivalyl-l.3-indancdione. 827 
Planar polycyclic systems. 76 
Plane-polarized light. 609 
rotation of. 613 
Plasmalogcns. 766 767 
Plasmochin. 797 
Plasticizers, 864 
Plastics. 861 864 
Polar molecules, 676 
Polar protic solvents, 275 
Polar solvents, 255 
Polarimcters. 611.623 
Polariscopcs. 611.622 
Polarization, in molecules, 209 
Polarized light. 609 611 
Polyacrylonitrile. 863 
Polyalkylation. 278, 280 
Polyamides. 866 
Polyatomic molecules. 31 
Polycaprolactam. 866 
Polycyclic compounds. 593 595 
Polycyclic hcterocyclcs. 802 804 
Polyesters. 865 866 
Polyethylene. 861 862 
Polyethylene oxides. 864 
Polyethylene phthalatc. 865 
Polyethylene tcrcphthalatc. 865 
Polyformaldehydc. 864 
Polyhalides, 78 


Polyhalomethanes. 335 
Polyisobutylene. 860, 861,862 
Polymerization. 402-403. 541 -542, 838, 
850-864 

coordination. 853-854 
Polymers. 853 

amine-formaldehyde. 867-868 
atactic, 854 

chain length in. 854-856 
condensation. 865-868 
haloelhylene. 863 
isolaclic. 854 
living. 853 

phenol-formaldehyde. 866-867 
physical modification of. 864-865 
slereoregular, 854 
syndiotactic. 854 
from unsaturated esters. 863 
with hetero atoms in the chain. 863-864 
Polyoxymethylcne, 403 
Polyphosphoric acid. 299 
Polypropylene. 862 
Polysaccharides. 715-722 
Polystyrene. 862 
Polysulfide elastomers, 868 
Polylcrpcncs. 778 
Polytetrafluorocthylene. 848 
Polyurethanes. 411.868 
Polyvinyl acetate. 863 
Polyvinyl alcohol. 863 
Polyvinyl butyral. 863 
Ponceau red 2 R. 654 
Porphin. 806 

Porphin ring theory. 808 809 
Porphyrins, 806 810 

biological utilization of. 807 808 
occurrence. 807 808 
structures. 808 810 
synthesis of. 809 
system. 806 
Positional isomers. 79 
Positioning systems. 96 
Positive integer. 21 
Potassium. I 19 

Potassium ben/enecarbohydroxamale. 382 

Potassium bisulfate. 299 

Potassium carbonate solution. 276 

Potassium iodide. 270 

Potassium permanganate. I I 7 

Potassium phthalimide. 278 

Potassium /<w-buloxidc. 296 

Prefixes. 100 102 

Prchnilcnesulfonic acid. 524 

Priestly. Joseph. 725 

Primulinc. 657 

Principal energy let el. 21 
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Progesterone. 782 
Prolamines. 737 
L-Proline, 732 
Propane, 59-60 
Propionaldehyde, 168 
Propiophenone, 529 
Propyl alcohol, 163, 168 
Propyl bromide, 163 
Propyl iodide, 167 
Propylene, 303, 320 
Protamines. 737 
Proteans, 738 
Proteins, 736-748 
chemical properties, 739-740 
classification, 736-738 
coagulated, 738 
conjugated. 736-738 
denatured, 738 
derived. 736-738 
physical properties of. 738-739 
serological assay, 741 
simple, 736-737 
structure of, 741-748 
Proteoses, 738 
Protolytic solvents. 119 
Proton. 122, 205 206 
Proton magnetic resonance (PMR), 187 
Prototropy, 171 
Provitamins, 547, 815 
Pleroylglutamic acid, 8 1 6 
Purine, 804.810 811 
a-Pyran, 788. 796 
6 -Pyran, 788, 796 
Pyranose ring. 704 
Pyrazine, 788 
Pyrethrins, 825 
Pyridazine. 788 
Pyridine, 176. 796 
Pyridoxal phosphate. 751 
Pyrilium salts, 800 
Pyrimidine, 804, 810-811 

Pyrimido-(4,5-b)-quinoxa line-2,4-diol(Benzo- 

[g]ptcridinc-2.4(IH.3H)-dione), 790 
Pyrocatechols, 157 

Pyrolytic m-eliminations. 304 305 

a-Pyrone, 799 

6-Pyronc, 799 

Pyronine G, 801 

Pyrophosphate, 826 

Pyroxylin, 716 

Pyrrole, 791.795.809 

Pyrrolidine. 787, 796 

l-Pyrroline. 796 

3-Pyrroline, 796 

Pyruvic acid, 723. 724 


Quantum mechanics, 20 
Quantum numbers, 21-22 
Quantum yield, 330 
Quartz prisms, 613 

Quaternary ammonium halide, 301-302 

Quaternary ammonium hydroxide. 301-302 

Quaternary ammonium salts, 86 

Quaternary nitrogen, 301 

Quinacrine, 797 

Quinazoline. 790 

Quinine, 797 

Quinoline. 790, 796, 799 

Quinonc dyes, 657 

Quinones, 15? 

oxidation of aromatic nuclei to, 564-565 
Quinoxaline. 789 
Quinuclidine. 803 

Racemic hexachlorocyclohexane, 621 
Racemic modifications, 620, 621 
Racemization. 266, 628-629 
in nitrogen compounds, 629 
Radicals 
anions, 545 
benzyl free. 535 
ions, 545 
neophyl, 544 
triphenylmethyl, 536 
See also Free Radicals 
Radii, atomic nonbonding, 37 
Raffinose, 715 
Raney nickel, 574-575 
Raoult’s law, 6 
Reaction coordinate, 234-235 
Reactions, See also Appendix II 
abnormal bimolecular displacement, 275 
acetylene, 397-398 
of acid chlorides. 379-380 
acid-catalyzed, 254 

of active hydrogen compounds, 448-472 
addition, typical. 321, 325 
of aldehydes. 392-419 
alkylation. 344-345. 504-505 
of anhydrides. 379-380 
autoxidation, 540-541 
azo coupling, 347 348 
base promoted. 254 
biuret. 740 

the Cannizzaro, 488-489 
chain, 330, 539 
chemical equilibria. 229-243 
Claisen-Schmidt, 458 
collision theory of. 231 -232 
consecutive. 240-243 
coupling. 433-434 
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Criegec, 562-563 
the crosscd-Cannizzaro, 489 
of the cumulated system. 408-409 
Curtius. 312 

cyclization. 385-387. 790 
decarboxylation. 467-470 
ofdiazo compounds. 501 505 
of diazonium salts. 496 501 
Diels-Alder, 589-594 
electron transfer. 229 

electrophilic aromatic substitution. 362 367 
elimination. 292-312 . 
alpha. 308 312 
base-promoted. 297-298 
beta. 292-303 
conjugate. 305 

internal replacements. 306-307 
prolytic. 304-305 
endergonic, 237 
epoxidation, 552 
exergonic. 237 
first-order. 231 
free radical. 532-549 
Friedel-Crafts. 344 347. 528. 529 
fundamental types. 226-229 
coordination. 229 
heterolysis. 229 
Grignard. 422 
haloform. 452 454 
halogenation. 362 363 
Hcll-Volhard-Zelinsky. 450 451 
homolysis. 537 
insertion. 503 504 
intramolecular. 248 251 
of ketones, 392 419 
Malapradc. 562 
mechanisms, 226. 230, 283 284 
Mcerwein-Ponndorf-Verlcy. 490 492 
Michael addition, 476 477 
molecularity, 231 
ninhydrin. 740 
nitration. 363 
of nitriles. 392 419 
nucleophilic displacement. 371 373 
at unsaturaled carbon. 473 487 
Oppenaucr. 490 492 
order. 230 231 

organomctallic,43l 434,436 441 
radical. 331 332 
reactivity and rates of. 230- 232 
Reformatsky. 438 
Rcimcr-Tiemann, 367 
reversibility of. 393 394, 460 
Sandmeycr. 499 
Schmidt. 312 


second-order. 231 
side. 286 290.325-326 
single-step. 233 
stcrcospecific. 247 248 
stoichiometric. 333 
sulfonation. 363 364 
thermal. 539 540 
third-order. 231 
Tischenko. 490 

transition state theory of. 232-235 
typical. 286 
Willgerodt. 529-530 
Wurtz. 434 
Wurtz-Fitlig, 434 
Reactive intermediates. 240 
types of. 243 
Reagents. 284-286 
acid derivatives and. 439 440 
Benedict's. 698 

electrophilic. 130. 147. 338. 340 348 
for eliminations. 296 299 
Grignard. 422 423 
aldehydes and.437 438 
aryl. 431 

carbonation of. 441 
ketones and.437 438 
syntheses by addition. 436 437 
for halogenation. 340 342 
Milton's. 740 
for nitration. 342 343 
oxidation by, 557 566 
Tollens*. 561 
Red 

cherry. 663 
Congo. 654 

emission and absorption relationships. 650 
Ponceau 2 R. 654 
Redox. 47. 48 

balancing equations, 48 52 
half-cell method. 48 
oxidation number method, 48 
Reducing agents, 53 
Reduction. 155 157. 572 587 
Beauvalt-Blanc, 583 
Birch. 583 
Clemmenson, 582 
of dia/omum groups. 586 
of fatty acids. 578 579 
hydrogenation. 572 580 
hydrogenolysis, 572 580 
by metals. 580 584 
miscellaneous agents. 585 587 
of nitro compounds. 585 586 
Roscnmund. 577 
Stephen. 585 
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Refluxing temperature. 253 
Reformatskv reaction. 438 
Refractions 
atomic. 607 
group. 607 
of homologs. 607 
index of. 603 608 . 
measuring. 604 605 
use of. 605 608 
specific, 606 
theory of. 603 604 
Refruciometer. 179 
Abbe. 604 605 
immersion. 604 
Reimer-Tiemann reaction. 36 7 
Resins. 846 847.861.866 8o? 
Resonance. 140 155 
in conjugated systems, 25! 253 
electron paramagnetic. 674 675 
energy 

of arenes, 147 
diagram for benzene. 143 
hybrids. 144 
magnetic. 667-675 
detecting. 668 669 
measuring, 668 669 
no-bond.269 
stabilization. 148-149 
steric inhibition of. 353 
theory of. 144 

Resonance energy. 31, 142-143 
Retinene, 776 
Rhodoxanthin. 777 
Riboflavin. 749 750 
Ribonucleic acid. 812 
Ribose. 709 710 
Ribosc-5 phosphate. 726 
Ribulose-1,5 diphosphate. 726 
Ring Compounds, 68 77 
Ring Index.102 
Ring systems 
five-membered, 791 796 
four-membered. 791 
six-membered. 796 802 
threc-mcmhercd, 790 791 
Rodenticidcs. 827 
Rosaniline. 655 
Rosenmund reduction. 577 
Rotcnone, 825 
Rubbers 
buna, 860 
butyl. 861 
methyl, 860 
natural. 858 -861 
silicone, 846-847 


synthetic. 859-861 
thiokol. 868 
Ruff degradation, 699 

Saccharic acid. 698 
Safronines. 656 
Salicin. 711 
Salicylate ion, 216 
Salmin, 737 
Salts, 46 

arenediazonium, 495 
chromonium. 800 
diazonium. 496- 501 
reduction of. 586 
pyrilium, 800 
triphenylpyrilium. 801 
Sandmeyer reactions. 499 
Sandwich compounds. 424-427 
Sanger, Frederick. 741 
Saponification. 135. 378-379. 754 
Saponification number, 754-755 
Saturated compounds, 65 
Saturated hydrocarbons. 556 
Saytzeff rule, 295. 299.303 
Schiff bases, 418 
Schmidt reaction, 312 
Schmidt rearrangement, 514-515 
Schotten-Baumann procedure. 134, 381 
Scombrine, 737 
Sebacic acid, 381 
Sedoheptulose-7 phosphate, 726 
Selenium dioxide, 585 
Selinene, 774 
Semi-ionic bond. 47 
L -Serine, 732 
Serological assay. 741 
Serum albumin, 737 
Serum globulin, 737 
Sesquiterpenes. 774-776 
Sigma complex. 339. 478 
valence-bond structures of, 478 
Sigma molecular orbital, 33, 140 
Silanes (silicanes), 841 -846 
Silicon organic compounds. 841-848 
carbon-functional. 843-844 
uses of. 847 -848 
Silicon tetrachloride. 842 
Silicones. 846 -847 
oils. 846 
resins, 846 847 
rubbers. 846-847 
waxes, 846 
Siloxanc, 846 
Silver cyanide, 267 
Silver ion, 266-267, 270 
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Silver nitrate, 267 
Silver oxide, 302 
Simple proteins, 736-737 
Single bonds, 117-127 
Singlet states, 658 
Skeletal isomers, 60 
Skew conformations, 64-65 
Skraup syntheses, 798 
Soap, 754, 761-766 

invert, 765 

Sodioma Ionic ester, 464 
Sodium. 46 

Sodium alkyl sulfate, 764 
Sodium azide. 312 
Sodium bisulfite, 401 402 
Sodium borohydride, 443 
Sodium bromide. 285 
Sodium carboxymcthyl cellulose. 717 718 
Sodium cyanide, 267 
Sodium dodccylbcnzcncsulfonaio, 763 
Sodium ethoxide, 296 
Sodium ethyl azalcate, 543 
Sodium hydroxide. 13. 119, 123. 151 152. 257 
Sodium hypohalite, 31 I 
Sodium iodide, 270 
Sodium laurale, 543 
Sodium nitrate. 267 
Sodium pcntothal, 805 
Sodium phenoxide, 275 
Sodium propoxide. 167 
Solvent-separated ion pair, 266 
Solvolysis, 371 391 
abnormal mechanisms, 383-385 
of acids, 376-387 
of acid derivatives, 376-389 
Specific refraction. 606 
Spectra, 184, 186. 639 666 
absorption maxima, 643 
absorption minima, 643 
absorption of light and, 639 
absorption peaks, 643 
band,185 

in determining structure, 641 645 
electromagnetic absorption. 185 189 
electron paramagnetic resonance, 674 675 
infrared, 186 187 

absorption of various organic compounds. 

188 

in compounds, 646 647 
mass. 689 692 
molecular, 639 652 
molecular mass. 690 691 
nuclear magnetic resonance (NMK), 187. 

669-674 

correlation chart for. 192 


ultraviolet. 641-644 
absorption of acetone. 186 
visible, 641-644 
Spectrometers, 692 
Spectroscopic data. 10 
Spectroscopic studies. 21.241 
Sphingosine. 767 
Spin quantum number. 21 
Spin splitting. 187 
Spiro atom. 76 
Sptrononane. 75 76 
Squalene, 777. 778. 779 
Stable intermediate. 240 
Starch. 719 720 
digestion of. 722 724 
Statistical mechanics. 20 
Stearic acid. 756 
Stephen reduction. 585 
Stereochemistry. 30.' 
of cyclohexanones. 634 636 
elcctron-delicient rearrangements. 517 519 
in free radical reactions. >42 
Stcrcoisomeric, 336 
Stcreorcgular polymers. 854 
Stcreospecinc reactions, 247 248 
Stcric factors. 246 251.359. 360 
acceleration, 246 ‘247 
configuration. 248 251 
conformational effects. 247 248 
hindrance. 246 

Sleric inhibition of resonance. 353 
Steroids, 778 -782 
classification of, 779 780 
important. 781 782 
structure of. 779 780 
Stevens rearrangement. 523 
m-Stilbene, 644 
Stoichiometric reaction, 333 
Stoichiometry, 254 
Streckcr synthesis, 397 
Streptomycin. 831 
Structural formulas. 15 
Structure 

by analogy. 166 
dciermmjiion of, 163 176 
of ethers and esters. 166 168 
mcsorncric, I 72 
olefin. 168 

and physical propci tics. I 79 195 
Strychnine. 803 
Slurme. 737 
Styrene. 293. 334 335 
Substantive dyeing. 659 
Substitution, I 20 
electrophilic aromatic, 338 370 
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Substrate, 748 
Succinic acid. 724 
Succinimide, 87 
Sucrose 

inversion of. 714 
structure of. 713-714 
Suffixes, 100-102 
Sulfanilicacid. 526 
Sulfates. 275-278 
replacements of 260 280 
side reactions of. 279-280 
Sulfenyl chloride. 566 
Suffinic acid, 566 
Sulfonates. 275-278 . 

esters of. 385 
replacements of. 260-280 
Sulfonating agents. 343-344 
Sulfonation. I 54 
reactions. 363-364 
Sulfonic acid. 85. 170. 217-218. 299 
Sulfonic acid derivatives. 288 289 
Sulfonium compounds. 261 
Sulfur analogs. 85 
Sulfur atoms. 170 

Sulfur compounds, oxidation of. 565 -566 
Sullur dyes. 657 

Sulfuric acid. 83. 84. 117. 122.221.257.285 

Sulfurous acid. 157 

Syndiotactic polymers. 854 

Synthesis, principles of. 255 257 

Systems 

• 

aromatic. 76 

conjugated. 67 

cumulated. 67. 407 414 

involving hydride exchange. 488 494 

ortho-para directing. 359 360 

planar polycyclic, 76 

positioning. 96 

unsaturated 

nucleophilic additions in. 436 447 
nucleophilic displaceme in. 436 447 

TtPP. 826 
TNT, 551 

TPN + . Coenzyme-11.749 
D-Talose, 707 
Tanner. Howard A.. 725 
Tannic acid. 711 
2(R).3(R)-1 artaric acid. 625 
Taurine. 733 
Taurocholic acid, 781 
Tautomeric acetamide. 186 
Taulomerism, 170 172 
Terpenes. 770 778 
structure of, 770 
o-Terpinene. 772 


Terramycin, 831 
Tertiary alcohols, 388 
Tertiary amines, 126. 179 
Testosterone, 781 

Tetraalkylammonium hydroxide, 126 

2.3.4.5- Tetrabromopyrrole, 795 
Tetrachloroethylene. 333 
Tetraethyl pyrophosphate. 826 
Tetraethyllead, 423-424 
Tetraethylsilane. 842 
Tetrafluoroethylene, 848 
i.l,2,2,-Tctrafluoro-3,3.4,4-tetrachlorocyclo- 

butane, 596 

Tetrahedral carbon. 247 
Tetrahedral geometry, 79 
Tetrahedron. 32, 262 
Tetrahydric alcohol, 489 
Telrahydrobenzaldehyde, 593 
Tetrahydrofuran. 787, 796 
Tetrahydrothiophcne. 566, 796 
Tetramethylammonium hydroxide, 302 
Tetramethylene sulfonc, 566 
Tetcamethylene sulfoxide, 566 
Telramethylglucose, 69}, 703 

2.3.4.6- Tetrainethylglucose. 713 
Tetramethyllead. 423-424 
Tetramethylsilane, 187, 842 
Tetraterpenes. 776-777 
1.3.9.10-Tetrazanthracene-2.4-diol, 790 
Tetroses, 707 

Thermal agitation. 182 
Thermal cracking, 835 
Thermal reactions. 539-540 
Thermodynamics, 236 
Thermometer, differential, 8-9 
Thermoplastic resins, 861 
Thermosetting resins. 861 
i-Thiaindene. 789 
Thiamin, 816. 830 
Thianaphthene, 789. 791 
Thio analogs. 85 
Thioacctic acid, 335 
Thioaldehydes, 278 
Thioamidcs. 441 
Thiocthcrs, 261,335 
Thioketoncs. 278 
Thiokol rubber. 868 
Thiol esters, 280 
Thiole. 787 
Thione esters, 280 
Thionvl chloride. 84. 166 
Thiophene. 785,787.791.795 
Thiuram disulfides. 826 
Thiuram monosulfides. 827 
Threo configurations. 617 
t -Threonine, 732 
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D-Threose, 707 
Thymine, 811,813 
Thymus histone, 737 
Thyroglobulin, 737 
Thyroxine, 732 
L-Thyroxine, 821 
Tischenko reaction. 490 
Tiselius cell. 739 
a-Tocopherol, 819 
/3-Tocopherol, 819 
7-Tocopherol, 819 
4-Tocopherol. 819 
Tollens’reagent. 561 
Tollcns' test. 156 
Toluene, 276, 836 

energy diagram for. 361 
reactivity toward nitration, 354 
Toluenesulfonic acid, 285 
frunj-Coplanar, 303 
Transesterification, 373-375 
abnormal. 383-385 
acid-catalyzed, 374 
base-promoted, 373 
energy diagram for, 373 374 
trans-X somers, 66 
Transition slate theory, 232-235 
quantitative treatment of. 238-240 
Transoid conformations. 64 65.68 
Traumatic acid. 822 
Trialk>lcarbonium ions. 285 
2.2,2-Tribromoethanol. 492 

2.3.5- Tribromofuran, 795 
Trichlorocclic acid, 209. 310 
Tricyclenc. 514 

Triencs, 320 
Triethanolamine, 791 
Tricthanolammonium, 765 
Triethylchlorosilane. 427, 842 
Trigonal bonding, 33 
Trihalokctoncs, 453 
Trihydroxypivalaldchyde. 489 
Triisobulylboron, 428 
Trikctohydrindene hydrate. 740 
Trimethoxyglutaric acid, 704 
Trimcthylamine. 207.302 
Trimethy lammomo, 126 
Trimethylchlorosilanc. 427. 842 
Trimethylcnc bromide. 307 

2.3.6- Trimcthylglucosc, 713 

2.2.4- TrimethylF>cntanc. 836 

2.4.4- Trimclhyl-l-pentcne, 838 
5.7.8-Trimcthyltocol, 819 
Trinitrobcnzcnc, 88 

1.3.5- Trinitroben/ene, 480 

2.4.6- Trmilrochlorobcnzenc, 479 
Trinitrotoluene. 88. 551 


Triose, 707 

Trioxane. 403 

Tnoxymethylene, 403 

Tnphenylamme. 219, 221 

Triphenylcarbonium ion, 272 

Triphenylene. 485 

Triphenylmethane dyes, 655-656 

Triphcnylmethy I chloride, 272 

Triphenylmelhyl radicals, 536 

Triphen/lphosphine.429 

Tnphenylphosphinemethylene ylide, 429 

Triphenylpyrilium salt, 801 

Triphosphopyridine nucleotide. 749 

Triplet states. 658 

Tnplyccne, 485 

Tristearin, 758 

Tnterpencs. 776 777 

Troponc ring, 823 

Trypanosomiasis. 421 

L-Tryptophan, 732 

L -Tyrosine, 732 

Ultraviolet spectra, 641 644 
Unimolecular, 231 

Unsaturated carbon, see Carbon, unsaturated 
Unsaturated compounds, 65 
hydrogenation of, 576 577 
Unsaturated esters. 863 
Unsaturated hydrocarbons 
hydrogenation of, 574-576 
oxidation of, 552 554 
Uracil, 811 
Urea. 3. 91 
Uretc, 787 
Urethanes, 411 
Uric acid. 811 

Valence bond structures, 144 145 
Valence electrons, 26 
Valence rules, 15, 165 
L-VaJine. 732 

Van Slykc amino nitrogen determination, 735 
van’t Hoff. Jacobus, 79 
vant Hoff factor. 221,222 
Vapor phase chromatography. 12 
Vaporization. I 79 
Vasopressin. 744, 821 
Vat dyes. 657 
Vectors 
forces, 192 

molecular moments and. 676 679 
Veronal. 805 
Vcliva/ulcnc. 775 
Vibrational transition. 642 
Vicinal atoms, 292. 320 
Vicinal chlorohydrins. 325 
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Vicinal dibromides, 292 

Vicinal dichlorides. 270 
Vicinal dihalides. 277, 292 
Vicinal glycols, 289, 562-564 
Vigneaud, Vincent du.744 
Vinyl alcohol, 172 
Vinyl bromides, 139-140 
Vinyl halides, 129.271 
Vinylacetylene, 323 
Vinylation, 326-327, 477-478 
Vinyltrichlorosilane. 843 
Violet 
crystal. 653 

emission and absorption relationships. 650 
methyl, 662 
Viscose. 717 
Visible spectra, 641 -644 
Vital force theory. 3 
Vitamins, 815-820 

A, 776,830 

B, 749-751.816-818.830 

C, 710. 819 

D, 547. 781 

E, 819 

functions of. 816-820 

K.819-820 
P.8I8 
Vuellin. 738 

Volatile organic compounds, 121 

von Liebig. Justus. 11.226 
Vulcanization. 859 

Wagner-Mcerwein rearrangement. 289. 511 - 512 , 

Walden. Paul. 630 

Walden inversion. 262-263. 629-631 
Warfarin. 827 
Water 

equilibrium diagram of. 8 
solubility in. 183-184 
Wave mechanics, 20 
Waves 

k range of, 640 

ol light 

as perpendicular vibrations, 610 

vibrations of, 609 
Wavelength 
color and, 650 
of light absorbed. 649 


Waxes. 760 
silicone, 846 

Willgerodt reaction. 529-530 
Williamson synthesis. 277, 845 
Witt theory, 650 
Wittig synthesis. 428-429 
Wohl degradation, 699 
Wtthler, Friedrich. 3 
Wolff rearrangement, 504, 514 
Wolff-Kischncr reduction. 506-507 
Wood, constituents of, 725-727 
Woodward. R. B., 747 
Wurtz reaction. 127,434 
Wurtz-Fittig reaction. 434 
Wurtz-Fittig synthesis. 844 

Xanthates, 304 
Xanthenc, 789. 80! 

Xanthenedye. 801 
Xanthine. 811 
Xanthophylls, 777 
Xanthoproteic test, 740 
Xanthydrol. 582 
X-ray diffraction. 10. 687-688 
w-Xylene, 836 
o-Xylene. 836 
/^-Xylene, 836 
Xylose. 710 

Xylulose-5 phosphate, 726 

Yellow 
acridine. 656 
Alizarin R, 654 
amido E, 656 

emission and absorption relationships. 650 
golden. 663 
Hclindon CG, 657 
Ylide. an, 428 

Zahn, H., 744 
Zeaxanthin, 777 
Zein, 737 

Zeisel method, 285 
Ziegler, Karl, 854 
Zinc, 149, 169 
Zinc chloride, 284 
Zingiberenc, 774 




